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effects  of  changing  any  of  the  shrouded-rotor  parameters  on  performance  became 
more  pronounced  as  the  values  of  the  other  parameters  were  changed  to  degrade 
performance. 

Measurements  were  also  made  of  the  wake  velocity  profiles  and  the  shroud 
surface  pressure  distributions.  The  uniformity  of  the  wake  was  improved  by  the 
presence  of  the  shrouds  and  by  decreasing  the  blade  tip  clearance,  resulting  in  lower 
induced  power  losses.  For  high  net  shroud  thrust,  a  favorable  pressure  distribution 
over  the  inlet  was  seen  to  be  more  important  than  in  the  diffuser.  Strong  suction 
pressures  were  observed  above  the  blade-passage  region  on  the  inlet  surface;  taking 
advantage  of  this  phenomenon  could  enable  further  increases  in  thrust.  However, 
trade  studies  showed  that,  for  a  given  overall  aircraft  size  limitation,  and  ignoring 
considerations  of  the  safety  benefits  of  a  shroud,  a  larger-diameter  open  rotor  is 
more  likely  to  give  better  performance  than  a  smaller-diameter  shrouded  rotor. 

The  open  rotor  and  a  single  shrouded-rotor  model  were  subsequently  tested 
at  a  single  collective  in  translational  flight,  at  angles  of  attack  from  0°  (axial  flow) 
to  90°  (edgewise  flow),  and  at  various  advance  ratios.  In  axial  flow,  the  net  thrust 
and  the  power  consumption  of  the  shrouded  rotor  were  lower  than  those  of  the  open 
rotor.  In  edgewise  flow,  the  shrouded  rotor  produced  greater  thrust  than  the  open 
rotor,  while  consuming  less  power.  Measurements  of  the  shroud  surface  pressure 
distributions  illustrated  the  extreme  longitudinal  asymmetry  of  the  flow  around  the 
shroud,  with  consequent  pitch  moments  much  greater  than  those  exerted  on  the 
open  rotor.  Except  at  low  airspeeds  and  high  angles  of  attack,  the  static  pressure  in 
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challenges  the  validity  of  the  fundamental  assumption  of  the  simple-momentum- 
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Chapter  1 
Introduction 

1.1  Background:  Micro  Air  Vehicles 

One  of  the  hallmarks  of  maturing  technology  is  the  increase  in  complexity  and 
capability  of  the  devices  created  by  that  technology,  and  in  many  cases  the  simulta¬ 
neous  decrease  in  size  of  those  devices.  In  the  multi-disciplinary  held  of  air  vehicle 
design  and  development,  this  characteristic  is  evident  in  all  aircraft  components, 
from  propulsion  and  power  generation  systems  to  sensors,  navigation  systems  and 
flight  control  systems  —  many  of  these  in  turn  dependent  on  the  incredible  degree  of 
miniaturization  achieved  in  the  computer  and  microchip-fabrication  industries.  This 
miniaturization  has  led  to  the  development  and  widespread  use  of  Unmanned  Aerial 
Vehicles,  or  ‘UAV’s  —  aircraft  that  do  not  carry  a  human  pilot,  and  are  therefore 
often  much  smaller  in  size  than  conventional  manned  aircraft.  The  commonly-seen 
radio-controlled  (‘RC’)  aircraft  flown  by  hobbyists  around  the  world  also  fall  into 
this  category;  however,  these  aircraft  are  meant  primarily  for  entertainment  pur¬ 
poses,  and  seldom  have  the  capability  of  carrying  a  significant  payload  or  mission 
equipment  package  (MEP).  The  term  ‘UAV’  is  therefore  typically  used  for  aircraft 
that  are  designed  for  a  specific  mission,  either  civil  or  military,  and  have  actual 
utility  towards  that  purpose. 

The  UAVs  that  are  in  use  today  vary  in  size  from  a  few  feet  to  several  tens  of 
feet1,  where,  in  the  case  of  fixed-wing  aircraft,  the  wingspan  is  typically  regarded 
as  the  characteristic  length,  while  for  rotating-wing  aircraft  like  helicopters,  it  is 

1Ryan  Aeronautical  /  Northrop  Grumman  RQ-4  Global  Hawk:  116  ft  wingspan;  Boeing  A160 
Hummingbird:  36  ft  rotor  diameter 
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the  main  rotor  diameter  that  is  used.  The  natural  process  of  continuing  minia¬ 
turization  led  people  to  consider  the  possibility  of  mission-capable  aircraft  that 
would  be  even  smaller,  with  maximum  spatial  dimensions  of  a  foot  or  less.  In  1992, 
a  DARPA2/RAND  Corporation  workshop  on  “Future  Technology-Driven  Revolu¬ 
tions  in  Military  Operations”  investigated  the  concept  of  ‘mobile  microrobots’  at 
the  1-cm/l-g  scale  [1],  This  was  followed  by  a  series  of  feasibility  studies  at  the 
MIT  Lincoln  Laboratory  and  the  U.S.  Naval  Research  Laboratory,  and  led  to  the 
creation  of  a  DARPA  Small  Business  Innovation  Research  (SBIR)  program  in  the 
fall  of  1996  to  develop  this  ‘new  dimension  in  flight’  [2],  According  to  this  program, 
the  formal  definition  of  a  Micro  Air  Vehicle,  or  ‘MAV’,  was  an  aircraft  that  would 
have  no  dimension  larger  than  15  cm  (6  in),  weigh  approximately  100  g  —  which 
included  a  payload  weight  of  20  g  —  and  have  an  endurance  of  one  hour.  The 
payload  would  typically  be  some  type  of  sensor  —  optical,  chemical  or  radiological, 
for  example  —  and/or  a  radio  transmitter.  The  envisioned  military  use  of  such  an 
aircraft  was  as  man-portable,  ‘eye-in-the-sky’  flying  robot  that  could  be  carried  and 
operated  by  an  individual  soldier,  for  increased  situational  awareness  while  mini¬ 
mizing  exposure  of  him-  or  herself  to  risk.  Because  of  their  small  size  and  weight, 
these  aircraft  would  have  a  much  smaller  footprint  compared  to  the  larger  LIAVs, 
not  just  in  terms  of  the  aircraft  itself,  but  also  with  regard  to  their  ground  station 
and  logistical  trail,  and  would  therefore  be  faster  and  easier  to  deploy,  and  would 
compete  minimally  with  the  other  equipment  that  soldiers  are  required  to  carry  - 
armament,  food,  water,  protective  gear,  and  the  like.  The  primary  driver  for  MAV 
development  was  therefore  as  a  reconnaissance  asset  for  military  and  paramilitary 
applications  (Figs,  l.la-d),  but  civilian  applications  such  as  power-line  inspection, 
traffic  monitoring  and  disaster-response  management  were  also  forseen  for  this  tech- 

2U.S.  Defense  Advanced  Research  Projects  Agency  —  called  the  Advanced  Research 
Projects  Agency  (ARPA)  before  March  1972  and  between  February  1993  and  February  1996 
(http:  / /www. darpa.mil/body/arpa_darpa.html) . 
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(a)  Urban  operations 


(b)  Bio-chemical  sensing 


(d)  ‘Over-the-hilP  reconnaissance 


(c)  MAV-assisted  pilot  rescue 


Figure  1.1:  MAY  missions  [3] 


nology. 

1.2  The  need  for  more  efficient  hover-capable  MAVs 

The  early  developmental  work  in  MAVs  led  to  the  creation  of  highly-successful 
fixed-wing  aircraft  such  as  Aerovironment’s  Black  Widow ,  which  had  an  endurance 
of  half  an  hour  and  a  range  of  almost  2  km  while  weighing  only  80  g  [4],  How¬ 
ever,  such  high-speed  platforms  —  Black  Widow  had  a  loiter  velocity  of  25  mph  - 
are  restricted  in  operation  to  large,  open  spaces  with  a  minimum  of  obstacles  - 
outdoors,  and  at  altitudes  higher  than  the  tops  of  trees  and  buildings.  For  oper¬ 
ations  in  highly-congested,  highly-cluttered  environments  like  urbanized  areas  (the 
so-called  ‘urban  canyon’),  whether  indoors  or  outdoors,  aircraft  are  required  that 
are  capable  of  high  maneuverability  at  low  speeds,  and  even  of  hovering.  Aircraft 
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that  have  these  capabilities  fall  into  three  classes:  rotating-wing  configurations,  like 
helicopters  and  tilt-rotors,  flapping-wing  configurations,  like  birds  and  insects  - 
biological  flyers,  and  fixed-wing  configurations  with  powered-lift  capability,  such  as 
the  Hawker  Siddeley  Harrier  and  the  Lockheed  Martin  Joint  Strike  Fighter  (F-35 
Lightning  II).  For  any  aircraft,  low-speed  flight  and,  if  it  is  possible,  hovering  flight 
are  inherently  much  more  power-hungry  than  most  other  parts  of  the  flight  regime. 
Of  the  three  classes  of  aircraft  listed  above,  rotary-wing  aircraft  exhibit  the  high¬ 
est  efficiency  in  hover  and  low-speed  flight.  The  potential  for  high  efficiencies  in 
flapping-wing  —  ornithoptic  —  configurations  has  been  demonstrated  for  aircraft 
of  the  MAV-size  and  smaller  [5,  6],  but  the  mechanical  and  aeroelastic  complexity 
of  such  mechanisms  are  hurdles  that  remain  to  be  overcome. 

Given  that  hovering  and  low-speed  flight  are  already  states  of  high  power  con¬ 
sumption,  the  situation  is  further  exacerbated  by  the  highly  degraded  performance 
of  conventional  airfoils  at  the  MAV-scale.  In  fluid  dynamics,  the  sense  of  scale  is 
best  quantified  by  a  non-dimensional  parameter  called  the  Reynolds  number  (Re), 
which  is  proportional  to  the  product  of  the  size  and  the  velocity  of  the  object  that 
is  moving  relative  to  the  fluid.  Large  aircraft,  such  as  commercial  airliners,  operate 
at  Reynolds  numbers  in  the  tens  of  millions,  whereas  MAVs  operate  in  a  Reynolds- 
number  regime  of  approximately  10,000  to  50,000  —  three  orders  of  magnitude  lower 
(Figs.  1.2a-c).  The  Reynolds  number  is  given  by  the  formula: 


where  p  is  the  density  of  the  fluid,  p  is  the  dynamic  viscosity  of  the  fluid,  v  is  the 
relative  velocity  between  the  object  and  the  fluid,  and  l  is  a  characteristic  length 
of  the  object.  This  fluid-dynamic  parameter  can  be  considered  as  a  ratio  between 
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the  inertial  forces  and  the  viscous  forces  that  act  on  fluid  elements  in  the  flow.3  At 
high  Reynolds  numbers  the  inertial  forces  dominate,  while  at  low  Reynolds  numbers 
the  nature  of  the  flow  is  more  strongly  affected  by  the  effects  of  viscosity.  Where 
airfoils  are  concerned,  this  results  in  two  immediate  effects:  first,  a  decreased  ability 
of  the  fluid  to  withstand  (or  maintain)  adverse  pressure  gradients,  and  therefore  to 
separate  easily  from  the  surface  of  the  airfoil,  thereby  reducing  the  maximum  lift 
capability  and  increasing  the  pressure  drag;  and  second,  an  increase  in  the  skin- 
friction  drag  when  the  flow  does  remain  attached  to  the  airfoil  (Fig.  1.3).  Together, 
these  effects  result  in  extremely  low  lift-to-drag  ( L/D )  ratios  for  airfoils  in  low- 
Reynolds-number  flows.  Certain  airfoil  shapes,  similar  to  those  found  in  bird  and 
insect  wings,  are  optimized  for  low-Re  flight,  and  these  do  fare  better  —  in  this  flight 
regime  —  than  ‘conventional’  airfoils  that  have  been  designed  for  larger,  manned 
aircraft;  however,  the  highest  L/D  ratios  achieved  by  even  these  optimized,  low-Re 
airfoils  are  still  substantially  lower  than  those  achieved  by  the  conventional  airfoils 
at  higher  Reynolds  numbers  [8]. 

The  degraded  performance  of  airfoils  is  an  obstacle  faced  by  both  fixed-  and 
rotary-wing  MAVs,  but  it  is  especially  critical  for  the  latter,  as  they  spend  a  large 
portion  of  their  mission-profile  in  the  power-intensive  hovering  and  low-speed  con¬ 
ditions.  The  hovering  efficiency  of  a  rotor  is  typically  expressed  in  two  different 
ways: 

(i)  By  a  non-dimensional  parameter  called  the  Figure  of  Merit  (FM),  which  is 
the  ratio  of  the  ideal  amount  of  power  (R)  required  by  the  rotor  to  generate 
a  certain  amount  of  thrust,  to  the  value  of  the  actual  amount  of  power  (P)  it 
requires: 

FM  =  h 

3An  excellent  exposition  of  the  characteristics  and  significance  of  the  Reynolds  number  is  given 
by  Vogel  [7,  Ch.  5]. 
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(b)  From  Ref.  [5],  from  data  in  [9-11]. 

Figure  1.2:  The  MAY  flight  regime. 
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(c)  From  Refs.  [8,  12],  from  data  in  [9], 
Figure  1.2:  The  MAY  flight  regime  (contd.) 
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Effective  Reynolds  Number 

(a)  Symmetric  airfoils:  Effect  of  thickness  on 
maximum  lift. 


(b)  Cambered  airfoils:  Effect  of  camber  on 
maximum  lift. 
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Figure  1.3:  Effect  of  decreasing  Reynolds  number  on  the  maximum  lift  coefficient 
and  minimum  drag  coefficient  of  airfoil  sections  [13]. 


The  maximum  possible  value  of  the  figure  of  merit  is  therfore  1.0,  which  would 
imply  a  ‘perfect’  rotor. 

(ii)  By  a  dimensional  parameter  called  the  Power  Loading  (PL),  which  is  the  ratio 
of  the  thrust  (T)  produced  by  a  rotor  to  the  power  (P)  it  consumes  to  produce 
that  thrust: 

T 

PL=a 

As  will  be  elucidated  upon  in  Chapter  3  and  in  Appendix  B  of  this  dissertation,  both 
of  these  formulations  have  their  respective  demerits.  For  example,  a  restriction 
on  the  former  is  that  a  comparison  of  the  figures  of  merit  of  different  rotors  is 
only  meaningful  when  they  are  operating  such  that  they  have  the  same  rotor  disk 
loading  (DL  =  T/A ).  The  power  loading,  on  the  other  hand,  has  the  undesirable 
attibute  of  being  a  dimensional  quantity,  having  units  of  velocity-1,  and  is  inversely 
proportional  to  the  tip  speed  of  rotor.  A  non-dimensional,  tip-speed-independent 
form  of  this  efficiency  measure  can,  however,  be  obtained  by  taking  the  ratio  of 
the  coefficient  forms  of  the  rotor  thrust  and  power  ( Ct/Cp  =  t’tip  x  T/P ).  For 
now,  it  suffices  to  state  that  rotors  are  desired  to  have  the  highest  possible  values 
of  FM  and  power  loading.  Larger  rotors  that  are  used  on  conventional,  manned 
helicopters  have  been  designed  that  achieve  figures  of  merit  of  up  to  0.8  and  power 
loadings  of  around  10  lb/hp  [14,  p.  43,  p.  47].  Assuming  a  typical  rotor  tip  speed  of 
700  ft/s  (210  m/s)  [15,  pp.  683-701],  this  implies  a  Ct/Cp  ratio  of  12.6.  MAV-scale 
rotors  (Fig.  1.4)  are  currently  capable  of  FM  values  of  up  to  0.65  [16],  and  while 
this  is  a  significant  improvment  from  the  maximum  values  of  0.40-0.45  achieved 
by  the  early  micro-rotors  [17-19],  the  power  requirements  remain  high:  the  data 
from  investigations  by  Bohorquez  and  Pines  [16]  and  Hein  and  Chopra  [20],  for 
example,  indicate  maximum  values  of  Cp/Cp  between  5.0  and  6.0,  less  than  half 
that  achieved  at  the  larger  scales.  Reductions  in  power  consumption  would  lead  to 
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Rotor  diameter  [in] 

Figure  1.4:  Maximum  figures  of  merit  achieved  by  MAV-scale  rotors  [16,  19-25]. 

increases  in  aircraft  endurance  beyond  the  10-15  minutes  currently  achievable  by 
rotary-wing  MAVs  [16],  and/or  reductions  in  the  aircraft  weight-fraction  taken  up  by 
the  energy-storage  components  like  batteries,  thereby  allowing  for  larger  payloads. 

1.3  The  shrouded-rotor  configuration:  Potential  for  improved  per¬ 
formance 

Improvements  in  airfoil  and  rotor  design  constitute  one  means  of  improving 
the  efficiency  of  hover-capable  MAVs.  Another  approach  is  to  investigate  alternative 
aircraft  configurations  that  have  the  potential  for  performance  better  than  that  of 
conventional  rotorcraft  designs.  One  such  configuration  is  the  shrouded  rotor,  which 
involves  surrounding  the  rotor  with  —  in  its  most  basic  form  —  a  cylindrical  shroud 
or  duct.4  More  commonly,  the  shroud  resembles  an  annular  airfoil  or  ‘ring-wing’, 
with  camber  and  finite  thickness  that  vary  along  its  length,  and  with  a  rounded 
‘leading  edge’  and  a  smoothly  tapered  ‘trailing’  edge  which  form,  respectively,  the 
inlet  and  exit  or  diffuser  sections  of  the  shroud  (Fig.  1.5).  The  shrouded-rotor  config¬ 
uration  has  been  extensively  investigated  for  over  half  a  century  and  found  to  result 

4An  arbitrary  convention  that  is  sometimes  adopted  is  that  the  enclosing  structure  is  called 
a  ‘duct’  if  it  is  greater  in  length  than  the  rotor  diameter,  and  a  ‘shroud’  or  a  ‘short-chord  duct’ 
otherwise. 
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in  significant  gains  in  aerodynamic  performance  (increased  thrust,  reduced  power 
consumption)  compared  to  the  unshrouded  or  ‘open’  rotor,  and  has  therefore  been 
utilized  in  various  forms,  from  ducted  propellers  and  ducted  fans  on  powered-lift 
V/STOL  aircraft  to  ‘Fenestron’  tail-rotors5  on  helicopters  and  ducted-rotor  UAVs 
(Figs.  1.6a-p).  For  a  shroud  with  a  profile  that  is  cambered  inwards,  like  that  shown 
in  Fig.  1.5,  and  which  therefore  accelerates  the  flow  towards  the  rotor,  the  perfor¬ 
mance  gain  is  principally  in  static  (hover)  and  near-static  conditions.  However,  a 
benefit  is  obtained  in  high-speed  forward  flight  as  well:  with  the  rotor  pitched  for¬ 
ward  to  provide  the  required  thrust,  the  shroud,  behaving  as  an  annular  wing,  can 
provide  the  required  lift  —  with  potentially  less  than  half  the  induced  drag  of  a 
planar  wing  of  the  same  aspect  ratio  [26,  27]  —  and,  because  of  the  induced  flow  of 
the  rotor,  can  safely  operate  at  angles  of  attack  far  greater  than  the  stall  angle  of 
the  ‘unpowered’  annular  wing  [27]. 

Finally,  in  addition  to  these  aerodynamic  benefits,  shrouding  the  rotor  conveys 
two  other  advantages  over  an  open  rotor:  (1)  the  shroud  can  potentially  attenuate 
the  noise  signature  of  the  rotor,  which  is  an  advantage  for  MAV  missions  that  require 
covert  operation,  and,  (2)  the  shroud  serves  as  a  safety  feature,  protecting  both  the 
rotating  blades  from  damage  by  other  objects  as  well  as  personnel  from  injury  by 
the  blades.  In  fact,  in  most  cases,  it  was  this  latter  reason  —  improved  safety  - 
that  the  shrouded-rotor  configuration  was  chosen  for  an  aircraft  design  [28-33]. 

The  performance  benefit  of  shrouding  the  rotor  derives  principally  from  the 
ability  of  the  diffuser  section  of  the  shroud  to  restrain  the  natural  contraction  of 
the  flow  after  it  passes  through  the  rotor.  For  any  fluid-dynamic  propulsive  device, 
the  increase  in  velocity  of  the  far  wake  over  that  of  the  free-stream  fluid  represents 
an  ‘induced’  power  expenditure  that  is  unavoidable  in  the  generation  of  thrust. 

Additional  losses  do  arise  due  to  the  viscosity  of  the  fluid,  but  even  in  the  ideal  case 

5Also  known  as  a  ‘Fan-in-fin’,  ‘Fantail’  or  ‘Ducted  Tail  Rotor’,  depending  on  the  helicopter 
manufacturer. 
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Figure  1.5:  Cross-section  of  a  shrouded  rotor  in  hover. 

of  an  inviscid  fluid,  this  induced  increase  in  the  kinetic  energy  of  the  fluid  constitutes 
the  minumum  possible  power  required  to  generate  a  given  amount  of  thrust.  For 
a  conventional  open  rotor,  by  combining  an  actuator-disk  model  of  the  rotor  with 
the  conservation  laws  of  fluid  dynamics,  the  classical  Momentum  Theory  is  able 
to  predict  the  increase  in  velocity  at  the  far  wake  as  being  twice  the  value  of  the 
induced  velocity  at  the  plane  of  the  rotor  disk  [14,  Ch.  2;  See  also  Appendix  A  of 
this  dissertation].  By  mass  conservation,  the  contraction  ratio  of  the  slipstream  is 
inversely  proportional  to  the  increase  in  velocity,  and,  in  the  hover  condition,  has  a 
value  of  1/2.  In  other  words,  the  final  cross-sectional  area  of  the  slipstream  in  the 
far  wake  is  one-half  that  of  the  rotor  disk  area.  In  the  case  of  a  shrouded  rotor, 
the  change  in  area  of  the  slipstream  is  determined  by  the  shape  of  the  diffuser.  By 
using  a  cylindrical  diffuser,  or  a  diverging  one,  the  slipstream  can  be  forced  to  either 
maintain  a  constant  cross-sectional  area  or  to  actually  increase  in  area,  respectively. 
Thus,  if  the  flow  is  able  to  stay  attached  to  the  diffuser  walls,  the  presence  of  the 
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(a)  Hiller  VZ-1  Pawnee. 


(b)  Bell  X-22A. 


(e)  GE/Ryan  XV-5  Vertifan.  (f)  Vanguard  Omniplane. 


Figure  1.6:  Applications  of  shrouded  rotors:  Powered-lift  V/STOL  aircraft. 
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(g)  Mississippi  State  University  XAZ-1  (h)  Mississippi  State  University  XV-11A 
Marvelette.  Marvel. 


(i)  Piasecki  16H-1  Pathfinder.  (j)  Piasecki  16H-1A  Pathfinder  II. 

Figure  1.6:  Applications  of  shrouded  rotors:  STOL  aircraft  and  compound 

helicopters. 


(k)  Boeing/Sikorsky  RAH-66  Comanche.  (1)  Aerospatiale  SA365  (HH-65)  Dauphin. 

Figure  1.6:  Applications  of  shrouded  rotors  (contd.):  Helicopter  tail  rotors. 
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(m)  Sandia  AROD. 


(n)  Sikorsky  Cypher. 


(o)  Honeywell  Kestrel.  (p)  Microcraft / Allied  Aerospace  iSTAR. 

Figure  1.6:  Applications  of  shrouded  rotors  (contd.):  Unmanned  VTOL  aircraft. 
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shroud  is  able  to  reduce  the  increase  in  velocity  of  the  far  wake,  and  thereby  reduce 
the  induced-power  requirements  of  the  rotor. 

Just  as  for  an  open  rotor,  momentum  theory  can  be  used  for  a  first-order 
prediction  of  the  performance  and  characteristics  of  a  shrouded  rotor  —  with  one 
difference:  instead  of  using  the  actuator-disk  model  of  the  rotor,  the  assumption  is 
made  that  the  slipstream  has  fully  expanded  back  to  ambient  atmospheric  pressure 
at  the  exit  plane  of  the  diffuser.  Therefore,  a  key  parameter  in  determining  the 
performance  of  a  shrouded  rotor  is  the  diffuser  expansion  ratio  (<Jd),  which  is  equal 
to  the  ratio  of  the  diffuser  exit  plane  area  (Ae)  to  the  area  of  the  rotor  disk  (A): 


Appendix  A  (p.  269)  contains  detailed  derivations  of  the  predictions  of  momentum 
theory  for  a  shrouded  rotor,  but  some  of  the  more  important  results  are  repeated 
here  below.  In  the  hover  case,  for  a  given  total  system  thrust  (Ttotai  =  Trot0r  + 
Tshroud ) ,  the  ideal  induced  velocity  at  the  rotor  disk  (i>i),  the  ideal  induced  power 
(Pi),  the  figure  of  merit  (FM)6  and  the  fraction  of  the  total  thrust  produced  by  the 
diffuser  of  the  shroud  are  given  by: 

Vi 

Pi 
FM 

T 

diffuser 
-^total 


The  actuator-disk  model  of  the  rotor  is  used  only  to  derive  the  fractions  of  the  total 
6In  the  shrouded-propeller/ducted-fan  literature,  this  is  often  instead  called  the  Static  Efficiency 

(?7s). 
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Figure  1.7:  Shrouded  rotor  thrust  components 


thrust  that  are  borne  by  the  rotor  disk  itself  and  by  the  shroud  inlet: 


Trotor 


7~total 

Fjnlet 


Ttotal 


W  A  1 

2vi  2  Ae  2ad 

Od 

2 


(1.5) 

(1.6) 


Equations  (1.4)-(1.6)  are  plotted  as  functions  of  the  expansion  ratio  in  Fig.  1.7. 
Note  that  these  thrust  fractions  are  functions  of  the  expansion  ratio  only,  and  are 
independent  of  the  precise  shape  of  the  shroud,  and  that  as  cq  is  increased,  the  rotor’s 
contribution  (Trotor)  to  the  total  thrust  decreases,  while  the  shroud’s  contribution 

(-^shroud  ~t“  -^diffuser)  increases. 

In  the  case  of  an  open  rotor,  Trotor  =  Ttotai,  so,  from  Eq.  (1.5),  Od  =  1/2, 
which  is  exactly  the  value  of  the  ‘expansion’  that  momentum  theory  predicts  for  an 
open  rotor.  Equations  (1.1)— (1.3)  therefore  apply  equally  to  both  shrouded  and  un¬ 
shrouded  (open)  rotors,  with  the  effective  value  of  1/2  being  used  for  the  expansion 

ratio  in  the  case  of  an  open  rotor.'  In  the  case  of  a  shrouded  rotor  with  a  diffuser 
7Note,  however,  that  applying  the  special-case  formula  for  the  figure  of  merit  of  an  open  rotor 
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expansion  ratio  greater  than  1/2,  the  total  thrust  is  clearly  greater  than  the  thrust 
acting  on  the  rotor  alone.  The  physical  basis  for  this  additional  thrust  is  a  region  of 
low-pressure  suction  forces  acting  on  the  inlet  of  the  shroud,  caused  by  the  turning 
of  the  air  that  the  rotor  ingests  from  around  the  sides  of  the  shroud.  This  is  directly 
analagous  to  the  leading-edge  suction  on  the  nose  of  an  airfoil.  Similarly,  just  as  the 
flow  around  an  airfoil  experiences  a  pressure-recovery  region  on  the  trailing  surfaces 
of  the  airfoil,  so  too  does  the  flow  in  the  diffuser  experience  an  adverse  pressure  gra¬ 
dient  as  it  expands  back  to  ambient  atmospheric  pressure.  The  inner  surface  of  the 
diffuser  therefore  also  experiences  suction  pressures  and  generates  a  negative  thrust, 
as  can  be  seen  from  Eq.  (1.4).  However,  the  positive  thrust  from  the  inlet  is  always 
large  enough  that  the  net  shroud  thrust  (Tshroud)  remains  positive  (for  ad  >  1/2).  A 
clear  understanding  of  the  preceding  discussion  can  be  obtained  from  Fig.  1.8,  which 
illustrates  qualitatively  the  variations  in  pressure  through  the  flow-fields  of  an  open 
and  a  shrouded  rotor  in  hover.  The  equations  used  to  generate  these  figures  are 
also  derived  using  the  momentum  theory  model,  and  are  given  in  Section  A.  1.1.4  of 
Appendix  A  (p.  279). 

The  momentum  theory  model  also  allows  for  comparison  of  the  characteris¬ 
tics  and  performances  of  open  and  shrouded  rotors,  as  functions  of  the  expansion 
ratio  of  the  shrouded  rotor.  For  example,  it  can  be  shown  that  if  an  open  and  a 
shrouded  rotor  are  compared  such  that  both  their  rotor  disk  areas  and  the  amount 
of  (ideal)  power  they  each  consume  are  the  same,  then,  with  increasing  expansion 
ratio,  the  total  thrust  produced  by  the  shrouded  rotor  continuously  increases,  rela¬ 
tive  to  the  thrust  produced  by  the  open  rotor.  Simultaneously,  the  mass  flow  (m) 
and  induced  velocity  (uj)  through  the  shrouded  rotor  also  increase,  again  relative 
to  the  corresponding  values  for  the  open  rotor,  while  the  final  wake  velocity  (w) 

—  C^/2 /V%Cp  —  to  the  case  of  a  shrouded  rotor  would  be  incorrect,  and  would  result  in  a  value 
of  FM  that  would  be  greater  than  the  true  value  by  a  factor  of  \J2od. 
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(a)  Open  rotor  flow-field 


Far  upstream  Far  wake 

Normalized  distance 
(c)  Pressure  variations 

Figure  1.8:  Variations  in  pressure  in  the  hover  flow-fields  of  open  and  shrouded 

rotors,  at  the  same  thrust  coefficient 
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and  the  thrust  provided  by  the  rotor  itself  (Trot0r)  decrease.  These  variations  are 
described  by  Eqs.  (A. 27)  in  Appendix  A,  and  have  been  plotted  in  Fig.  1.9a.  In  a 
similar  manner,  Fig.  1.9b  illustrates  the  variations  in  these  quantities  when  the  open 
and  shrouded  rotors  are  compared  such  that  their  rotor  disk  areas  and  total  thrust 
produced  are  held  to  be  the  same  (Eqs.  (A.28)).  In  this  case,  as  in  the  previous  one, 
the  rotor  thrust  and  wake  velocity  decrease  with  increasing  expansion  ratio,  while 
the  mass  flow  and  induced  velocity  at  the  rotor  disk  increase,  but  it  is  also  seen  that 
the  ideal  power  requirement  also  continuously  decreases8.  Thus,  for  example,  with 
an  expansion  ratio  of  1.0  —  corresponding  to  a  straight-sided,  cylindrical  diffuser 
-  a  shrouded  rotor  can  theoretically  produce  26%  more  thrust  than  an  open  rotor 
of  the  same  size  while  consuming  the  same  amount  of  power,  or  consume  29%  less 
power  while  producing  the  same  amount  of  thrust.  Increasing  the  expansion  ratio 
further  causes  the  performance  improvements  to  further  increase,  without  limit  - 
in  theory. 

In  reality,  upper  limits  on  the  amount  of  performance  improvement  are  im¬ 
posed  by  viscosity-dependent  phenomena  such  as  surface  frictional  losses  and  flow 
separation,  which  the  ‘simple’  momentum  theory  is  unable  to  account  for.  As  the 
diffuser  expansion  ratio  is  increased,  performance  does  improve,  until  at  some  point 
the  flow  is  unable  to  counter  the  adverse  pressure  gradient  in  the  diffuser  and  sep¬ 
arates  from  the  diffuser  wall.  Similarly,  reducing  the  radius  of  the  shroud  inlet  lip 
increases  the  turning  that  the  air  flowing  into  the  shroud  must  accomplish.  With 
increased  turning,  the  suction  pressures  on  the  inlet  increase9;  but  at  some  point,  at 
a  low  enough  lip  radius,  the  flow  will  simply  separate  from  the  inlet  surface  before 

8As  will  be  shown  in  Chapter  3  and  Appendix  B  of  this  dissertation,  a  consequence  of  this  change 
in  ideal  power  requirement  with  changing  a,\  is  that  the  figure  of  merit  is  not  an  appropriate  way  to 
compare  the  performances  of  an  open  rotor  and  a  shrouded  rotor,  or,  in  general,  shrouded  rotors 
with  different  diffuser  expansion  ratios. 

9Note,  however,  that  with  decreasing  lip  radius,  the  total  surface  area  of  the  inlet  on  which 
those  suction  forces  act  also  decreases,  so  it  cannot  be  said  a  priori  whether  the  resultant  inlet 
thrust  will  increase,  decrease,  or  remain  the  same. 
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(a)  Comparison  at  same  rotor  disk  area  and  same  ideal  power 


Expansion  ratio  (ad) 

(b)  Comparison  at  same  rotor  disk  area  and  same  total  thrust 

Figure  1.9:  Comparison  of  characteristics  of  open  and  shrouded  rotors 
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even  reaching  the  rotor.  This  separated  flow,  when  ingested  by  the  rotor,  causes 
further  losses  in  thrust  as  well  as  increases  in  noise  and  vibration.  Both  of  these 
separation  phenomena  are  governed  by  viscous  effects,  and  as  such  are  strongly 
affected  by  the  Reynolds  number  of  the  flow.  Flow  separation  can  be  delayed  by 
using  a  large  inlet  lip  radius  and  by  increasing  the  length  of  the  diffuser,  so  that  for  a 
given  expansion  ratio,  the  expansion  angle  and  the  adverse  pressure  gradient  in  the 
diffuser  are  reduced;  however,  both  these  methods  have  the  accompanying  penalties 
of  increasing  the  size  and  weight  of  the  shroud,  and  of  increasing  the  surface  area 
and  corresponding  skin-friction  losses.  Careful  design  of  the  shroud  is  therefore  of 
utmost  importance:  maximum  possible  performance  improvement  is  desired  while 
minimizing  the  increase  in  size  and  weight  of  the  aircraft  due  to  the  shroud  itself. 
For  the  shrouded-rotor  configuration  to  be  a  viable  option,  the  increase  in  thrust 
over  that  of  an  open  rotor  must  be  greater  than  the  weight  of  the  shroud,  and/or 
a  decrease  in  power  required  must  be  realized  while  producing  a  thrust  increment 
equal  to  the  weight  of  the  shroud. 

Additionally,  the  improvements  or  deterioration  in  performance  of  the  shrouded 
rotor  configuration  over  the  baseline  open  rotor  must  be  examined  over  the  entire 
flight  envelope  and  mission  profile  of  the  aircraft.  In  addition  to  the  requirement 
for  efficient  hovering  flight,  it  is  important  for  a  MAV  to  remain  stable  in  gust- 
ing  cross-winds,  to  be  able  to  transition  quickly  to  translational  flight,  and  to  have 
good  forward- flight  performance  characteristics.  In  non-hovering  axial-flow  condi¬ 
tions  like  climbing  flight,  the  natural  contraction  of  an  open  rotor  is  less  than  in 
hover.  Therefore,  the  benefits  of  having  a  diffuser  that  restricts  this  contraction  be¬ 
come  less  significant,  while  conversely,  the  drag  of  the  shroud  becomes  an  important 
factor.  In  non-axial  flow  conditions  (Fig.  1.10),  besides  the  bluff-body  drag  of  the 
shroud  itself,  the  turning  of  the  oncoming  flow  from  the  freestream  direction  to  the 
axial  direction  results  in  the  production  of  an  additional  momentum  or  ‘ram’  drag. 
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Although  this  is  partly  alleviated  by  the  subsequent  turning  of  the  rotor  wake  from 
the  axial  direction  back  to  the  freestream  direction,  the  ram  drag  is  still  “usually 
the  largest  [component  of  the  total  aircraft]  drag,  and  . . .  can  easily  be  95%  of  the 
total  drag  at  low  velocities  (<  10  knots)”  [34], 

The  other  adverse  consequence  of  this  turning  of  the  flow  from  the  freestream 
direction  to  the  axial  direction  is  that  the  turning  is  much  sharper  at  the  windward 
(forward)  side  of  the  shroud  than  at  the  leeward  (aft)  side.  Equivalently,  the  wind¬ 
ward  side  of  the  shroud  effectively  operates  at  a  higher  angle  of  attack  to  the  flow 
than  the  leeward  side,  and  therefore  experiences  greater  suction  on  the  inlet  and 
produces  more  lift.  For  a  regular,  axisymmetric  shroud  design,  this  fore/aft  aerody¬ 
namic  dissymmetry  leads  to  a  strong  nose- up  pitch  moment,  much  greater  than  that 
experienced  by  an  open  rotor10.  This  moment  works  in  opposition  to  any  command 
to  pitch  the  vehicle  nose-down  into  the  wind  and  tilt  the  thrust  vector  forward, 
whether  to  maintain  position  while  hovering  in  a  gusty  environment  or  to  attain  a 
forward  translational  flight.  In  a  gust,  for  example,  the  resulting  nose-up  moment 
would  actually  tend  to  tilt  the  thrust  vector  towards  the  downwind  direction,  exactly 
the  opposite  as  desired.11  Reference  [34]  states  that  “robust,  precise  control  in  tur¬ 
bulent  conditions  . . .  including  the  complex,  turbulent  flow  fields  around  buildings 
and  trees  . . .  poses  one  of  the  key  technical  hurdles  for  the  successful  operation  of 
these  vehicles.  Current  analysis  shows  that  even  in  the  best  cases,  typical  position 
control  of  ducted-fan  VTOL  UAVs  hovering  in  light  winds  (<  10  knots)  is  limited 
to  about  10  feet  of  error.”  Further  complicating  the  situation  is  the  possibility  of 

10The  nose-up  pitch  moment  on  an  (untrimmed)  open  rotor  is  due  to  different  reasons,  depending 
on  the  type  of  rotor.  For  an  articulated  rotor,  it  is  due  to  a  lateral  dissymmetry  on  the  rotor 
greater  lift  on  the  advancing  blade  than  on  the  retreating  one  —  and  the  90°  phase-lag  of 
a  harmonic  system  forced  at  its  fundamental  frequency,  while  for  a  rigid  rotor  it  is  due  to  a 
longitudinal  variation  in  the  rotor  inflow  —  greater  inflow  and  therefore  lower  angles  of  attack  for 
the  blades  at  the  rear  of  the  rotor. 

nFor  a  transient  gust,  the  resulting  motion  in  what  was  originally  the  downwind  direction  after 
the  gust  had  died  out  could  lead  to  a  reversal  of  the  direction  of  the  pitch  moment  on  the  aircraft, 
and  an  ensuing  oscillatory  motion  that  might  eventually  damp  out.  The  possibility  —  and  details 
—  of  such  motion  can  be  ascertained  from  a  dynamic  stability  analysis  of  the  aircraft. 
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(a)  Flow  pattern. 


Lift  (L) 


(b)  Forces  and  moments. 

Figure  1.10:  Shrouded  rotor  in  non-axial  flight. 
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flow  separation  on  the  windward  side  of  the  inlet,  which  would  lead  to  a  sudden, 
sharp  decrease  in  pitching  moment  (‘moment  stall’),  perhaps  to  the  point  where  the 
pitching  moment  reverses  sign  [35]. 

Besides  the  weight  considerations  of  a  shroud,  it  is  these  detrimental  charac¬ 
teristics  of  a  shrouded  rotor  that  are  of  greatest  concern  to  the  aircraft  designer. 
Clearly,  for  a  shroud  of  fixed  geometry,  the  design  of  the  aircraft  will  be  optimized 
for  maximum  performance  improvement  over  the  open  rotor  at  a  single  point  in  the 
flight  regime,  which  may  be  in  hover  or  at  some  forward/translational  speed.  At 
all  other  points,  the  performance  of  the  shrouded  rotor  will  be  sub-optimal,  and 
possibly  even  worse  than  that  of  the  open  rotor.  Variable-geometry  inlets,  diffusers 
and  auxiliary  control  devices  such  as  aft-mounted  vanes  may  be  considered,  but 
these  introduce  their  own  associated  trade-offs  in  weight  and  system  complexity. 
Compromises  such  as  these  are  therefore  unavoidable  in  the  design  of  the  shroud. 
Another  example  of  a  compromise  is  the  choice  of  the  inlet  lip  radius:  as  men¬ 
tioned  earlier,  a  sharp  inlet  lip  is  disadvantageous  in  hover  and  in  near-edgewise 
flight  because  it  promotes  early  flow  separation;  on  the  other  hand,  such  an  inlet 
is  beneficial  in  axial  flight  because  it  creates  less  drag  [36].  Effects  such  as  these, 
which  depend  on  the  detailed  shape  of  the  shroud,  the  design  of  the  rotor  and  the 
Reynolds  number  of  the  flow,  cannot  be  analyzed  by  the  momentum  theory  model. 
More  sophisticated  theoretical  models  as  well  as  experimental  and  computational- 
fluid-dynamic  (CFD)  investigations  are  therefore  essential  for  the  successful  design 
of  shrouded-rotor  aircraft. 
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1.4  Previous  research  in  ducted  propellers  and  shrouded  rotors 
1.4.1  Historical  overview 

The  idea  of  surrounding  a  rotor  with  an  enclosing  structure  is  not  a  recent  one, 
although  the  reasons  for  doing  so  have  been  varied,  and  the  question  of  who  origi¬ 
nally  invented  the  concept  remains  open  to  debate.  A  US  patent  issued  to  Georges 
Hamel,  a  French  citizen,  in  1923  [37]  describes  a  fixed-wing  aircraft  with  propellers 
embedded  in  the  wings,  with  their  axes  in  the  vertical  direction,  perpendicular  to 
the  wing  chord:  the  so-called  ‘fan-in- wing’  configuration  (Fig.  1.11).  The  objective 
of  the  design  was  to  “combine  the  principle  of  the  aeroplane  with  that  of  the  he¬ 
licopter,”  and  thus  obtain  an  aircraft  with  both  good  performance  in  high-speed 
forward  flight  as  well  as  improved  safety  in  low-speed  and  vertical  flight  near  the 
ground.  The  text  of  the  patent  makes  no  mention,  however,  of  any  enhancements 
in  performance  of  either  the  wings  or  the  embedded  propellers  due  to  their  mutual 
interaction,  so  it  is  likely  that  the  author  was  unaware  of  the  existence  of  such  a  phe¬ 
nomenon.  By  1933,  however,  as  indicated  by  the  application  for  another  US  patent 
hied  by  Ludwig  Kort  in  Germany  [38]  (the  patent  was  awarded  in  1936),  people  had 
become  aware  of  the  potential  for  improvements  in  the  the  propulsive  efficiency  of 
ship  propellers  by  surrounding  them  with  “nozzle-shaped  appendages  attached  to 
[the]  ship’s  hull  . . .  rings,  straight  or  conical  tubes  or  the  like”  (Fig.  1.12).  However, 
“all  of  these  combinations  . . .  failed  in  practical  use,  as  none  of  them  were  uniting 
the  proper  shape  of  the  nozzle  with  the  proper  relation  between  the  propeller,  its 
revolutions,  the  areas  at  the  narrowest  cross  section  and  at  the  mouth  of  the  nozzle 
and  the  form,  speed  and  resistance  of  the  ship”  [38].  At  around  the  same  time,  in 
Italy,  Luigi  Stipa  was  investigating  the  effects  of  integrating  an  air  propeller  with 
a  hollow  airplane  fuselage  shaped  like  a  venturi  tube  on  the  inside  (Fig.  1.13),  and 
found  similar  increases  in  thrust  and  decreases  in  power  consumption  compared 
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to  the  open  propeller  [39,  40].  Credit  is  usually  therefore  given  to  Kort  and  to 
Stipa  for  the  first  serious,  scientific,  experimental  work  on  optimizing  the  shape 
of  a  surrounding  duct  or  shroud  for  improved  thrust  characteristics  of  marine  and 
aeronautical  propellers,  respectively.12  This  was  followed  shortly  afterwards,  in  the 
1940s,  by  further  systematic  testing  of  different  shroud  profile  shapes  by  Kruger  at 
the  Aerodynamics  Research  Institute  (Aerodynamische  Versuchsanstalt,  or  ‘AVA’) 
in  Gottingen  [43]  and  by  the  theoretical  analyses  of  Kuchemann  and  Weber,  also  in 
Germany  [44-51],  and  then  by  a  proliferation  of  studies  around  the  world,  including 
the  United  States.  The  objective  of  much  of  this  early  work  was  to  improve  the 
efficiency  of  regular  airplane  propellers  —  which  were  usually  designed  for  optimal 
performance  in  high-speed  cruising  flight  —  at  the  low-speed  and  take-off  flight  con¬ 
ditions,  by  using  the  shroud  to  increase  the  inflow  through  the  propeller  [43,  52], 
The  increased  inflow  in  static  conditions  also  meant  that  that  the  changes  in  inflow 
with  changing  cruise  speed  would  be  smaller,  resulting  in  more  uniformly  efficient 
performance  of  a  fixed-pitch  propeller  over  the  entire  aircraft  mission  profile,  and  less 
of  a  need  for  a  mechanically-complex  variable-pitch  propeller.  Fairchild  et  al.  [53] 
provide  a  good  historical  overview  of  these  research  programs,  and  Sacks  and  Bur¬ 
nell  [54]  compiled  an  exhaustive  survey  of  the  experimental  work  and  state-of-the 
art  in  ducted-propeller  aerodynamics  as  of  1962.  In  the  United  States,  in  particular, 
the  goal  of  developing  viable  V/STOL  (Vertical/Short  Take-Off  and  Landing)  air¬ 
craft  resulted  in  a  considerable  amount  of  experimental  work  that  led  (Figs.  1.6a-j, 
p.  13)  to  the  design  of  ‘flying  platforms’  such  as  the  Hiller  VZ-1  Pawnee  and  the 
Piasecki  VZ-8  AirGeep  [55],  fan-in- wing  aircraft  such  as  the  GE/Ryan  XV-5  and 
the  Vanguard  Omniplane  [56-58],  tilt-duct  aircraft  like  the  Doak  VZ-4  [59-68]  and 
the  Bell  Aerosystems  X-22A  [69-76],  and  aircraft  with  non-tilting  shrouded  pro- 

12Even  today,  shrouded  marine  propellers  are  frequently  referred  to  as  ‘Kort  nozzles’,  a  widely- 
used  series  of  which  were  systematically  designed  in  the  1950s  and  ’60s  by  the  Maritime  Research 
Institute  Netherlands  (MARIN)  [41],  just  as  the  NACA  did  for  airfoil  shapes.  A  review  of  the 
state  of  the  art  in  marine  ducted  propellers  as  of  1966  was  compiled  by  Thurston  and  Amsler  [42] . 
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Figure  1.11:  An  illustration  from  Hamel’s  1923  patent  [37]. 


Figure  1.12:  An  illustration  from  Kort’s  1936  patent  [38]. 

pcllers  meant  solely  for  forward  propulsion,  like  the  Mississippi  State  University’s 
XAZ-1  Marvelette  and  XV-11A  Marvel  STOL  aircraft  [77]  and  the  Piasecki  16H-1 
Pathfinder  and  16H-1A  Pathfinder  II  compound  helicopters.  Similar  work  was  also 
being  carried  out  in  Europe,  such  as  that  by  the  French  company,  Nord  Aviation, 
in  developing  the  tilt-duct  Nord  500  Cadet  aircraft  [78]  (Fig.  1.14). 

From  the  1970s  onwards,  the  emphasis  in  research  shifted  from  V/STOL  air¬ 
craft  to  a  different  type  of  fan-in- wing  application:  the  shrouded  tail-rotor  or  ‘fan- 
in-fin’  on  helicopters  (Figs.  1.6k  1,  p.  14).  Originally  developed  by  Aerospatiale  in 
France  for  the  SA.341  Gazelle  helicopter,  and  termed  the  ‘fenestron’  [28,  79],  the 
concept  was  then  investigated  and  further  developed  by  other  helicopter  manufac¬ 
turers  as  well.  Research  at  the  Bell  Helicopter  Company  [53]  led  to  development 
of  a  ‘Ducted  Tail  Rotor’  on  a  modified  Model  222  helicopter  [80,  81].  Earlier  tests 
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Figure  1.13:  Stipa’s  1933  venturi-fuselage  monoplane  design  [40]. 


Figure  1.14:  Nord  500  ‘Cadet’. 
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of  a  thin  (less  than  2  inches  thick),  protective  ring  called  a  ‘Ring-Fin’  around  the 
tail  rotor  of  a  modified  Model  206  JetRanger  (Fig.  1.15)  revealed  thrust  augmen¬ 
tation  effects  from  even  this  rudimentary  structure  [82,  83].  The  Sikorsky  Division 
of  the  United  Technologies  Corporation  tested  a  fan-in-fin  on  its  S-67  Blackhawk 
prototype,  which  had  originally  been  designed  with  a  conventional  tail  rotor  [84], 
Based  on  that  experience,  the  Boeing-Sikorsky  team  incorporated  a  ‘FANTAIL™’ 
tail  rotor  in  its  winning  proposal  for  the  US  Army’s  Light  Helicopter  Experimental 
(LHX)  program:  the  RAH-66  Comanche  [31,  85-91].  In  Japan,  Kawasaki  Heavy 
Industry,  Ltd.,  used  a  fan- in-fin  system  for  the  XOH-1  observation  helicopter  [32], 
as  did,  in  Russia,  the  Kamov  Company  in  the  design  of  the  Ka-60  ‘Kasatka’  (‘Killer 
Whale’)  helicopter  [92],  Meanwhile,  Aerospatiale,  which  later  (in  1992)  merged  with 
Messerschmitt-Bolkow-Blohm  (MBB)  of  Germany  to  form  Eurocopter,  continued  to 
develop  the  fenestron  [29,  30,  33,  93],  and  incorporated  it  in  several  of  its  helicopter 
models:  the  SA/AS365  and  EC155  Dauphin  2,  the  AS565  Panther,  EC120  Colibri, 
EC130,  and  EC135/635. 

As  interest  grew  in  unmanned  VTOL  aircraft,  which  would  operate  in  clut¬ 
tered  environments  and  in  close  proximity  to  humans,  the  shrouded-rotor  configu¬ 
ration  was  an  obvious  choice,  given  the  safety  benefits  of  the  shroud  [18].  Indeed,  as 
Fleming  et  al.  [94]  succinctly  state:  “For  survivability,  operational  safety,  packaging 
and  transport  considerations,  the  ducted  fan  configuration  has  become  the  preferred 
platform  for  small  VTOL  UAV  development.”  For  cancelling  the  torque  reaction 
of  the  rotor,  these  vehicles  either  used  stator  vanes  in  the  downwash  of  a  single 
rotor  or  a  pair  of  coaxial,  counter-rotating  rotors.  Examples  of  such  aircraft  (see 
Figs.  1.6m-p  on  page  15)  include  the  ‘AROD’,  or  Airborne  Remotely  Operated  De¬ 
vice,  developed  in  the  1980s  by  Mollcr  and  Sandia  National  Laboratories  for  the  US 
Marine  Corps’  Exploratory  Development  Surveillance  and  Ground  Air  Tclerobotic 
System  (GATERS)  programs  [35,  95,  96],  the  ‘Cypher’,  developed  by  the  Sikorsky 
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(a)  Ring-Fin  shapes  being  tested  on  a  Bell  206. 


(b)  Ring-Fin  shapes  tested. 


T 


(c)  Ring-Fin  wake  structure. 


Figure  1.15:  Ring-Fin  tail  rotors  tested  at  the  Bell  Helicopter  Company  [82,  83]. 
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Aircraft  Corporation  in  the  1990s  for  the  US  military’s  Air-Mobile  Ground  Security 
and  Surveillance  System  (AMGSSS)  program  [96-110],  and,  most  recently,  the  Hon¬ 
eywell  ‘Kestrel’  and  Micro  Craft13  ‘Lift- Augmented  Ducted  Fan’  (‘LADF’)14,  both 
developed  in  the  last  decade  in  response  to  the  DARPA  MAV/OAV  (Organic  Air 
Vehicle)  programs  [27,  112,  113]. 

1.4.2  Experimental  work:  Effects  of  variations  in  shroud  design 

As  can  be  seen  from  Fig.  1.5  (p.  12),  the  cross-sectional  profile  shape  of  a 
shroud  closely  resembles  that  of  an  annular  wing,  albeit  with  camber  inwards  rather 
than  outwards.  Design  and  optimization  of  the  shroud  for  a  shrouded-rotor  appli¬ 
cation  is  therefore  very  similar  to  the  design  of  airfoil  profiles:  parameters  involved 
include  chordwise  thickness  and  camber  distributions,  leading-edge  (inlet  lip)  radius, 
angle  of  attack  to  the  freestream,  and,  in  this  special  case  of  an  annular  shape,  the 
ratio  of  the  diameter  to  the  chord  (the  ‘aspect  ratio’,  Dt/cs).  However,  a  number 
of  additional  parameters  specific  to  the  case  of  a  rotor-shroud  assembly  need  to 
be  considered  as  well:  these  are  the  number  and  configuration  of  blade  stages,  i.e., 
rotors  and/or  non- rotating  stators  or  guide  vanes,  the  chord- wise  locations  of  the 
blade  stages  within  the  shroud,  and  the  size  of  the  gap  between  the  blade  tips  and 
the  shroud  wall,  to  say  nothing  of  the  myriad  of  variables  involved  in  the  detailed 
design  of  the  rotor  stages  and  blades  themselves.  The  design  space  is  vast,  and 
the  numerous  studies  conducted  on  shrouded  rotors  invariably  focused  on  different 
subsets  of  these  various  parameters.  Some  of  these  studies  are  described  below,  but 
before  doing  so,  it  is  worthwhile  to  note  that,  excluding  the  last  aspect  of  the  design 
mentioned  above,  i.e.,  the  configuration  and  detailed  design  of  the  blade  stages,  it 

13 A  division  of  Allied  Aerospace  Industry  Incorporated. 

14 Also  known  as  the  ‘iSTAR’  vehicle  —  an  acronym  for  ‘Intelligence,  Surveillance,  Target  Aqui- 
sition,  Reconnaissance’,  and  seemingly  derived  from  a  Hughes  Missile  Systems  Company  design, 
as  suggested  by  a  patent  awarded  to  Ebbert  et  al.  in  1994  [111]. 
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was  found  that  the  performance  and  characteristics  of  shrouded  rotors  were  most 
strongly  dictated  by  a  small  subset  of  parameters:  the  diffuser  expansion  ratio  and 
expansion  angle,  the  inlet  lip  radius,  and  the  blade  tip  clearance  (Fig.  1.16).  The  im¬ 
portance  of  carefully  selecting  the  value  of  the  inlet  lip  radius  and  diffuser  expansion 
angle  was  discussed  earlier  in  Section  1.3,  namely,  the  trade-offs  between  improving 
performance,  avoiding  flow  separation  and  minimizing  vehicle  weight.  The  third 
variable  —  the  blade  tip  clearance  —  plays  a  critical  role  because  of  the  fact  that 
the  close  proximity  of  the  shroud  wall  impedes  the  formation  of  the  strong  blade  tip 
vortices  which  otherwise  reduce  the  thrust  produced  on  an  open  rotor.  Although 
some  leakage  flow  from  the  high-pressure  region  below  the  rotor  disk  to  the  low- 
pressure  region  above  it  is  unavoidable,  minimizing  the  tip  gap  was  always  found  to 
improve  performance.  In  fact,  in  several  studies  [57,  114],  the  losses  due  to  the  tip 
vortices  on  an  open  rotor  caused  the  performance  improvements  from  shrouding  the 
rotor  to  be  greater  than  those  predicted  by  momentum  theory,  which  assumes  ideal 
conditions  for  both  the  open  and  shrouded  rotors. 15 A  large  tip  gap  allows  stronger 
tip  vortices  to  form  and  not  only  reduces  the  rotor  thrust,  but  also  reduces  the 
shroud  thrust  due  to  suction  on  the  inlet  by  reducing  the  inflow  velocities  at  the 
shroud  wall.  In  addition,  as  stated  by  Ahn  [115],  “the  less  energized  flow  in  [the] 
blade-tip  region  generates  [a]  slower-flow  region  [that]  . . .  reduces  the  effectiveness 
of  the  [diffuser],  by  surrounding  the  [more-]  energized  flow  and  preventing  its  ex¬ 
pansion.1'  The  minimum  size  of  the  tip  gap  is  limited  by  the  danger  of  the  blades 
striking  the  shroud  wall,  either  during  ‘normal’  operation  or  because  of  excessive 

15Another  possible  reason  for  this  phenomenon  is  the  off-loading  of  the  rotor  by  the  shroud: 
At  the  same  total  thrust,  the  greater  induced  velocity  at  the  rotor  causes  the  blades  to  operate 
at  a  lower  angle  of  attack,  compared  to  the  open  rotor,  and  therefore  to  not  only  produce  lower 
thrust  (Trot0r)  than  the  open  rotor  (Fig.  1.9b),  but  also  consume  less  profile  power.  If  the  factor 
of  reduction  in  the  profile  power  is  greater  than  that  for  the  reduction  in  the  ideal  induced  power, 
as  predicted  by  momentum  theory,  then  the  net  improvement  in  performance  will  be  better  than 
that  predicted.  This,  of  course,  requires  consideration  of  the  additional  power  input  required 
to  offset  the  losses  due  to  friction  from  the  shroud  wall,  and  requires  a  more  detailed  analytical 
model.  Whichever  the  reason,  several  investigations  have  found  that  shrouded  rotors  come  closer 
to  achieving  their  ideal  predicted  performance  than  do  their  unshrouded  counterparts  [52,  114]. 
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Figure  1.16:  Principal  shroud  parameters  affecting  shrouded-rotor  performance: 
diffuser  included  angle  (0d),  diffuser  length  (Ld),  inlet  lip  radius  (riip)  and  blade  tip 

clearance  (5tiP). 

vibrations  or  blade  flapping  amplitudes.  In  many  applications,  though,  such  as  in 
some  gas  turbine  engines  and  also  in  the  Comanche  FANTAIL™  design  [31],  the 
gap  is  closed  off  near-completely  by  lining  the  shroud  wall  with  a  brush  or  some  sort 
of  expendable,  easily-abradable  material  at  the  blade-passage  region. 

The  details  of  the  shrouded-rotor  configurations  tested  in  the  studies  described 
in  the  following  pages  are  tabulated  for  easy  comparison  in  Table  1.1.  Parameters 
for  which  values  were  not  available  are  marked  with  a  dash  Where  possible, 

values  for  some  parameters  have  been  approximated  from  the  shroud  coordinates 
and  other  information  given  in  the  literature,  and  have  been  noted  as  such.  For 
example,  where  the  precise  value  of  the  inlet  lip  radius  was  not  available,  this  was 
approximated,  as  an  upper  bound,  as  half  of  the  maximum  thickness  of  the  shroud 
wall.  For  some  shroud  models,  such  as  those  used  on  the  VZ-4  and  the  X-22A  [68,  72, 
116],  and  those  tested  by  Martin  and  Tung  [117],  values  of  both  the  true  leading-edge 
radius  and  the  wall  thickness  were  given.  Assuming  these  cases  to  be  typical,  the  lip 
radii  of  the  other  models  can  be  expected  to  be  about  one-half  of  this  upper-bound 
value.  For  the  diffuser,  two  values  for  the  expansion  ratio  are  listed:  crd,  which  is 
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the  geometric  value  of  the  shroud  alone  (Ae/A),  and  ad,  which  is  the  effective  value 
after  correction  for  the  blockage  by  the  rotor  hub  (A6/Ar): 


ad  =  <7d*  x 


A 

71r 


( 7a 


In  cases  where  the  diffuser  internal  surface  was  very  nearly  conical,  i.e.,  with  straight 
sides,  and  the  value  of  one  of  the  three  diffuser  variables  —  expansion  ratio,  expan¬ 
sion  angle  or  length  —  was  not  given,  it  has  been  calculated  using  the  relation: 


(Ta  = 


Ld  (6d 

1+Va“  (f 


Where  the  diffuser  length  was  not  explicitly  given,  and  the  exact  chordwise  position 
of  the  rotor  within  the  shroud  also  indeterminable,  the  total  length  of  the  shroud 
(eg)  has  been  listed,  and  has  been  noted  as  such. 

In  addition  to  the  shroud  parameters,  the  table  also  lists  some  of  the  rotor 
parameters  of  the  test  items:  the  blade  root-cutout  (i?0),  the  blade  tip  speed  (utip), 
the  number  of  blades  (iVb),  the  amount  of  blade  twist  (dtw),  as  measured  from  the 
blade  tip  to  the  blade  root,  i.e.,  the  attachment  point  to  the  hub,  and  the  rotor 
collective  angles  {6 75),  measured  at  the  75%  radial  station,  for  which  test  data  were 
presented  in  the  literature.  Finally,  unless  otherwise  specified,  the  ‘diameter’  of  a 
shroud  refers  to  its  throat  or  minimum  inner  diameter,  Dt. 
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Table  1.1:  Previous  experimental  work:  Shrouded-rotor  configurations 
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Table  1.1:  (contd.) 
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Table  1.1:  (contd.) 
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1.4. 2.1  The  early  work 


Stipa’s  1931  experiments  [39]  consisted  of  static  and  wind-tunnel  tests  of  two 
different  conventional  airplane  propellers,  approximately  20  inches  in  diameter,  in 
isolation  and  coupled  with  three  different  duct  shapes  (Fig.  1.17).  The  ducts,  in 
length  approximately  three  times  the  diameter  of  the  propellers,  had  the  inner  shape 
of  a  venturi  and  the  outer  shape  of  a  wing  profile.  The  propellers  were  located  at 
the  inlet  plane  of  the  ducts  —  not,  as  later  became  the  convention,  at  the  point  of 
minimum  inner  diameter,  or  ‘throat’.  Since  both  the  inlet  and  exit  planes  of  the 
ducts  had  the  same  diameter,  the  effective  expansion  ratio  for  all  three  ‘venturi- 
tubes’  was  equal  to  1.0.  Although  the  differences  in  the  profile  shapes  of  the  three 
ducts  involved  changes  in  more  than  one  parameter,  the  general  changes  were  a 
decrease  in  thickness  —  corresponding  to  an  increase  in  throat  diameter,  i.e.,  less 
constriction  at  the  throat,  a  decrease  in  the  expansion  angle,  and  a  decrease  in  the 
inlet  lip  radius  —  and  a  movement  of  the  chordwise  location  of  throat  further  back 
from  approximately  0.25cg  to  0.45cg.  In  all  cases  tested,  the  ‘intubed’  propellers 
exhibited  higher  thrusts,  static  power  loadings  and  propulsive  efficiencies  than  the 
open  propellers.  Of  the  ducted  configurations,  the  model  with  the  thinner  profile 
exhibited  lower  drag,  higher  propulsive  efficiency  and  higher  static  shroud  thrust. 

In  1941,  Bell  [118]  tested  a  21-inch-diameter,  24-bladed,  high-solidity  fan  ( a 
=  0.86)  in  a  duct  with  and  without  contravanes  upstream  of  the  fan,  at  different 
fan-blade  and  contravane  angles.  When  the  contravanes  were  removed,  the  swirl 
angle  in  the  flow  increased  from  approximately  5-10°  to  approximately  24°,  and 


42 


Pig.  1  Tube  having  inside  shape  of  venturi  tube  and  outside  shape  of  wing 
profile.  Scale  1.5  of  the  model.  longitudinal  section. 


(b)  Models  tested. 

Figure  1.17:  Stipa’s  1931  venturi-tube  wind-tunnel  tests  [39]. 
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maximum  figure  of  merit  dropped  from  0.88  to  0.80,  indicating  that  “the  rotational 
losses  without  contravanes  were  greater  than  the  profile  drag  of  the  contravanes.” 

In  the  early  1940s,  Kruger  [43]  conducted  tests  on  fifteen  different  annular- 
airfoil  shrouds  with  a  9.5-inch-diameter  propeller  (Fig.  1.18).  The  parameters  varied 
between  the  shroud  profile  shapes  were  the  chord,  thickness,  camber,  and  angle  of 
incidence  between  the  profile  chordline  and  the  propeller  axis.  Shrouds  with  both 
expanding  and  contracting  ‘diffusers’  were  tested:  effective  diffuser  expansion  ratios 
varied  from  0.75  to  1.70.  The  report  that  was  translated  into  English  and  published 
by  the  NACA  contained  data  on  two  of  the  fifteen  shrouds:  the  baseline  shroud 
(the  right-most  profile  in  Fig.  1.18b),  which  had  an  expansion  ratio  of  1.0  and  a 
diffuser  length  of  approximately  34 %Dt,  and  a  much  shorter,  thinner  shroud  (the 
fourth  profile  from  the  left  in  Fig.  1.18b)  with  a  sharper  inlet  lip  radius,  od  = 
1.3  and  Ld  =  22 %Dt.  The  models  were  tested  at  rest  and  in  axial  flow  up  to 
airspeed  ratios  (//  =  v^/i 1R)  up  to  1.4,  and  at  different  blade  pitch  angles.  In 
static  and  near-static  conditions,  the  sharper  lip  caused  the  flow  to  separate  on  the 
second  shroud,  so  that  although  the  propeller  thrust  (Trotor)  was  about  the  same,  the 
shroud  thrust  and  total  thrust  were  substantially  lower  than  those  of  the  baseline 
shroud.  In  forward  flight,  at  the  higher  airspeed  ratios,  the  thinner  profile  had  lower 
drag  and  therefore  higher  shroud  thrust  than  the  baseline  shroud.  However,  the 
propeller  thrust  decreased  faster  with  increasing  airspeed  ratio  than  it  did  for  the 
baseline  shroud,  so,  for  the  same  blade  angle,  the  total  thrust  was  actually  about 
the  same  or  slightly  less  than  that  of  the  baseline  shroud.  Attaching  an  external 
split  ring  (Fig.  1.18c)  to  the  leading  edge  of  the  thinner  shroud  helped  to  improve  its 
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static  characteristics,  but  worsened  performance  at  airspeed  ratios  (//)  above  0.3. 
Both  the  baseline  shroud  and  the  thinner  shroud  with  the  split-ring  attachment 
achieved  static  thrust  coefficients  more  than  twice  as  high  as  the  open  propeller, 
but  also  stalled  much  more  sharply  with  increasing  collective  compared  to  the  open 
propeller.  The  maximum  figure  of  merit  achieved  for  the  open  propeller  was  0.62. 
For  the  baseline  shroud,  this  increased  to  0.69,  while  for  the  thinner  shroud  with 
the  split-ring  attachment  it  decreased  to  0.47.  Adding  stator  vanes  to  the  baseline 
shroud  caused  CT  and  FM  to  increase  further,  while  the  power  coefficient  remained 
about  the  same.  Due  to  the  increased  inflow,  both  shrouded  propellers  achieved 
their  maximum  FM  at  a  blade  pitch  angle  10°  higher  then  that  at  which  the  open 
propeller  achieved  its  maximum  FM. 

Measurments  of  the  flow  velocity  at  the  diffuser  exit  plane  of  the  baseline 
shroud  and  at  another  station  inside  the  shroud  indicated  that  the  actual  expan¬ 
sion  ratio  of  that  model  was  1.07,  i.e.,  further  expansion  took  place  downstream 
of  the  shroud  exit.  Furthermore,  flow  visualization  using  smoke  showed  that  the 
cross-sectional  area  of  the  slipstream  did  not  change  with  varying  loading  (thrust 
coefficient),  indicating  that  the  expansion  ratio  depends  only  on  the  shape  of  the 
shroud.  The  use  of  smoke  for  flow  visualization  was  only  possible  when  the  model 
was  equipped  with  stator  guide  vanes.  Without  stators,  the  extreme  rotation  of  the 
flow  in  the  wake  made  it  impossible  to  obtain  good  photographs  of  the  smoke.  Mea¬ 
surements  of  total  (stagnation)  pressure  upstream  and  downstream  of  the  empty 
shrouds,  that  is,  without  the  propeller  present,  showed  that  both  the  shrouds  had 
about  the  same,  negligible  amount  of  pressure  loss  in  the  the  internal  flow  due  to 
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(a)  Model  configuration. 


(b)  Shroud  shapes  tested.  The  arrow  marks  the  location  of  the  propeller. 


(c)  Leading-edge  split-ring  configurations  tested. 


Figure  1.18:  Shroud  shapes  tested  by  Kruger  [43]. 
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shroud  wall  friction  and  viscous  effects.  However,  the  report  mentions  that  another 
shroud,  which  had  the  largest  expansion  ratio  tested  (1.7),  had  pressure  losses  about 
twenty  times  higher.  This  translates  directly  to  greater  power  input  requirements 
and  lower  efficiencies.  Kruger  noted  that  “since  the  [diffuser  efficiency]  will  hardly 
increase  beyond  0.9  unless  special  steps  are  taken,  ...  an  attempt  to  increase  the 
slipstream  cross-section  ratio  essentially  beyond  [o^]  =  1  would  be  useless.” 

In  addition  to  the  baseline,  8-bladed  propeller  used  in  these  tests,  two  other 
propellers  were  also  tested.  Reducing  the  number  of  blades  from  eight  to  four 
resulted  in  CV,  Cp  and  FM  decreasing  at  any  given  blade  angle,  because  of  the 
reduced  inflow,  while  using  blades  with  a  reduced  amount  of  twist  (-37.5°  vs.  the 
baseline  -45°),  so  as  to  take  advantage  of  the  tendency  for  the  inflow  velocity  to 
increase  towards  the  shroud  wall,  resulted  in  a  negligible  change  in  performance. 

In  1948,  Platt  [52]  tested  contra-rotating,  48-inch-diameter  propellers  with 
three  different  shrouds  (Fig.  1.19)  which  had  two  different  values  of  expansion  ratio 
(1.1  and  1.3),  resulting  from  three  different  diffuser  angles  (7°,  14.4°and  22.4°)  and 
two  different  diffuser  lengths  (33.6%  and  50.2%Dt).  At  the  same  expansion  ratio, 
the  shroud  with  the  longer  diffuser  (smaller  6 a)  resulted  in  a  higher  value  of  Cp/Cp, 
when  compared  at  the  same  Cp.  At  the  same  diffuser  length,  the  shroud  with 
smaller  expansion  (smaller  9 d)  resulted  in  lower  Cp/Cp,  but  also  came  slightly  closer 
to  producing  the  ideal  amount  of  thrust  for  any  given  power.  At  all  propeller  blade 
angles,  increasing  era  caused  a  reduction  in  power  consumption,  but  the  decrease, 
which  was  most  pronounced  at  the  highest  blade  angles,  was  never  more  than  10%. 
In  general,  the  differences  in  performance  between  the  three  shrouded  propellers  was 
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Rake  /oca.  f/aas 


Figure  1.19:  Shroud  shapes  tested  by  Platt  [52], 

found  to  be  very  marginal,  within  the  limited  range  of  blade  angles  tested  (35°,  40° 
and  45°).  On  the  other  hand,  all  the  shrouded  propellers  produced  Ct/Cp  ratios 
that  were  more  than  twice  as  high  as  the  open  propeller,  at  the  same  Cp,  and  came 
much  closer  to  producing  the  ideal  amount  of  thrust;  then  again,  these  results  were 
obtained  at  the  higher  collectives  at  which  the  open  propeller  had  already  stalled. 

In  1950,  Hubbard  [119]  tested  a  fixed-pitch,  48-inch-diameter  propeller  with 
four  shrouds  (Fig.  1.20)  that  had  three  different  diffuser  lengths,  from  12%  to  36 %/%, 
and  three  different  inlet  lip  radii  (1.07-1.49%/%)-  Shroud  thrust,  which  was  mea¬ 
sured  by  integrating  the  measured  static  pressure  variation  over  the  shroud  surfaces, 
was  found  to  increase  with  increasing  L&.  By  shortening  the  propeller  blades,  tip 
clearances  of  0.2%  to  4.4%/%  were  tested  with  the  shroud  that  had  r'iip  =  1.49%Z% 


48 


Figure  1.20:  Hubbard’s  test  arrangement  [119]. 

and  La  =  24 %Dt.  The  increase  in  tip  clearance  resulted  in  approximately  an  84% 
reduction  in  total  thrust,  mostly  due  to  a  drop  in  shroud  thrust,  and  a  15%  reduc¬ 
tion  in  power.  In  both  Hubbard’s  and  Platt’s  experiments,  the  incoming  flow  was 
found  to  separate  at  the  shroud  leading  edge  at  low  propeller  rotational  speeds  - 
leading  to  loss  of  the  inlet  suction  and  large  reductions  in  shroud  thrust  —  but  then 
re-attach  as  the  speed  was  increased. 

In  1955,  Parlett  [55]  investigated  the  effect  of  changing  lip  radius  on  the  static 
thrust  of  a  fixed-pitch,  18-inch-diameter  shrouded  propeller  (Fig.  1.21).  The  shroud 
was  a  simple  cylindrical  shell,  with  an  expansion  ratio  of  1.0,  and  was  tested  with 
lip  radii  varying  from  1.4%  to  8.3%Ht.  The  increase  in  r'iip  caused  a  near-linear 
increase  in  figure  of  merit  (at  the  same  collective)  from  0.72  to  0.89. 

In  1958,  Taylor  [57]  tested  configurations  with  five  different  inlet  lip  radii  (0- 
12.5%.Dt),  three  diffuser  angles  (0°,  7°,  14°)  and  four  diffuser  lengths  (3-103%T>t), 
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Figure  1.21:  Shrouded  propeller  tested  by  Parlett  [55]. 
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thereby  creating  expansion  ratios  from  1.0  to  1.5  and  allowing  for  examination  of 
the  same  expansion  ratio  with  different  diffuser  angles  (Fig.  1.22).  Although  the 
test  set-up  was  a  propeller  embedded  in  a  wall,  to  simulate  the  ‘upper’  surface  of  a 
fan-in-wing  configuration,  the  results  are  nevertheless  also  applicable  to  a  shrouded- 
rotor  configuration  in  the  static  (hovering)  condition.  The  maximum  figure  of  merit 
of  the  open  propeller  was  0.64,  at  a  collective  (#75)  of  13°.  In  comparison,  for  the 
model  with  an  expansion  ratio  of  1.0  and  the  longest  diffuser,  the  maximum  FM 
occured  at  a  higher  collective  angle  of  25°.  The  highest  values  of  FM  were  achieved 
by  the  models  with  the  inlet  lip  radii  of  12.5%  and  6.25%_Dt,  with  a  maximum  value 
of  0.75.  For  the  smaller  lip  radii,  the  flow  was  found  to  have  separated  from  the 
inlet  surface,  and  reducing  nip  caused  FM  to  decrease.  For  rnp  less  than  3 %7%, 
the  FM  was  lower  than  that  of  the  open  propeller,  with  values  around  0.5  for  the 
smallest  lip  radius.  The  decrease  in  FM  with  reduction  in  lip  radius  coincided  with 
simultaneous  decrease  in  the  shroud  thrust  fraction  (Tshroud/7t0tai),  from  50%  (in 
agreement  with  momentum  theory  predictions)  with  the  larger  lip  radii  to  30%  at 
the  smallest  lip  radius. 

At  a  fixed  diffuser  angle  of  0°  (<7d  =  1.0)  and  with  the  larger  lip  radii,  decreasing 
the  diffuser  length  from  1.037%  to  0.037%  resulted  in  a  decrease  in  FM  from  about 
0.75  to  0.68.  A  similar  decrease  was  seen  when,  with  the  largest  lip  radius,  o(\  was 
increased  from  1.0  to  1.5,  whether  by  increasing  the  diffuser  angle  or  its  length. 
However,  even  though  the  FM  decreased,  the  total  thrust  was  found  to  increase 
with  increasing  expansion  ratio.  The  shroud  thrust  fraction  (Tshroud/7t0tai)  increased 
exactly  in  accordance  with  the  momentum  theory  prediction,  and,  when  compared 
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at  the  same  power  input,  the  increase  in  thrust  over  the  open  propeller  (Xsr/Tor) 
also  increased  as  predicted,  but  with  values  15-20%  greater  than  the  momentum 
theory  prediction.  (This,  as  was  mentioned  earlier,  was  attributed  to  the  tip  losses 
on  the  open  propeller.)  In  this  set  of  experiments,  these  results  were  found  to  be 
virtually  independent  of  the  expansion  angle  of  the  diffuser,  and  depended  only  on 
the  value  of  the  expansion  ratio. 

In  1966,  during  the  development  of  the  7-foot-diameter  ducted  fans  for  the  Bell 
X-22A,  Mort  reported  [72]  that  an  increase  in  tip  clearance  from  0.3%  to  2.0%_Dt 
resulted  in  approximately  a  20%  drop  in  static  thrust  coefficient  on  a  full-scale 
model.  This  was  principally  due  to  a  reduction  in  shroud  thrust  rather  than  in 
propeller  thrust.  The  power  consumed  also  decreased,  but  by  a  lesser  amount,  so 
that  the  ratio  of  shroud  thrust  to  power  consumed  also  decreased.  A  comparison 
of  these  results  with  those  obtained  by  Hubbard  [119]  on  a  smaller,  4-foot-diameter 
model  revealed  that  for  the  smaller  model,  Crshroud  and  Cp  were  individually  less 
affected  by  changes  in  <5tip,  compared  to  Mort’s  7-foot  model,  but  the  CTshloud/Cp 
ratio  decreased  much  more  rapidly  with  increasing  5tjP  than  for  the  larger  model. 
In  axial  flow  (forward  flight),  the  reductions  in  the  thrust  and  power  coefficients 
because  of  the  larger  tip  clearance  became  smaller  with  increasing  advance  ratio. 

At  around  the  same  time,  a  comprehensive,  three-year  investigation  of  the  ef¬ 
fects  of  various  shroud  parameters  was  conducted  at  Hamilton  Standard  by  Black, 
Wainauski  and  Rohrbach  [114]  under  a  contract  for  the  US  Navy.  Twelve  differ¬ 
ent  shrouded-propeller  models,  with  a  propeller  diameter  of  30  inches,  were  tested 
(Fig.  1.23).  The  parameters  investigated  included  the  exit  area  ratio,  lip  shape, 
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Figure  1.23:  Shroud  models  tested  by  Black  et  al.  [114]. 


shroud  chord,  propeller  location  within  the  shroud,  effect  of  inlet  and  exit  vanes, 
propeller  blade  shape,  number  of  blades,  blade  tip  clearance,  and  shroud  external 
shape.  Of  all  these,  “results  showed  that  the  most  powerful  shrouded  propeller  vari¬ 
able  [was  the]  shroud  exit  area  ratio.”  The  models  were  tested  in  static  conditions 
and  in  axial  flight  np  to  a  Mach  number  of  0.6.  For  the  baseline  model  (o£  =  1.1), 
the  increase  in  static  thrust  over  the  open  propeller,  at  the  same  power  consumption, 
was  greater  than  that  predicted  by  momentum  theory.  Compared  to  the  predicted 
value  of  1.3  for  Tsr/Tqr  (for  the  same  ideal  power),  an  experimental  sweep  of  dif¬ 
ferent  rotational  speeds  at  fixed  collective  angle  resulted  in  Tsr/Tor  values  from 
1.67  at  lower  rotational  speeds  (power  inputs)  to  1.90  at  the  higher  speeds.  This 
greater-than-predicted  improvement  was  attributed  to  the  increased  efficiencies  due 
to  off-loading  of  the  rotor  by  the  shroud,  but  could  also  have  been  due  to  lower 
blade  tip-vortex  losses,  as  has  been  explained  earlier. 

The  thrust  on  the  shroud  was  measured  by  a  separate  force  balance,  as  well 
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as  from  measurements  of  surface  pressure  distributions.  The  difference  between  the 
two  methods  yielded  an  estimate  of  the  drag  on  the  shroud  due  to  skin  friction.  In 
static  conditions,  the  baseline  shroud  model  came  very  close  to  achieving  the  theo¬ 
retical  Ttotai/Trotor  ratio  (Eq.  (1.5))  of  2.2.  In  axial  flight,  with  increasing  freestream 
velocity,  the  drag  on  the  shroud  caused  Tshroud  to  reduce  and  eventually  become 
negative,  resulting  in  progressively  lower  values  of  Ttotai / Trotor  and  Tsr/Tor.  In 
all  cases,  though,  increasing  the  input  power,  either  by  increasing  rotational  speed 
or  by  increasing  collective,  caused  Tshr0ud  and  Ttotai  to  increase,  by  increasing  the 
suction  forces  on  the  shroud  inlet.  In  fact,  the  report  explicitly  states  that  “through¬ 
out  the  program,  increasing  power  [input]  was  found  to  be  a  very  influential  factor 
whereby  the  effectiveness  of  the  shroud  generally  was  increased.”  The  authors  there¬ 
fore  concluded  that  greater  benefit  from  shrouding  would  probably  be  seen  by  using 
high-solidity  propellers  that  are  capable  of  absorbing  greater  amounts  of  power.  In 
static  conditions,  while  power  loading  (' T/P )  did  decrease  with  increasing  collec¬ 
tive,  this  was  probably  because  the  propeller  was  being  operated  past  its  collective 
for  maximum  efficiency.  In  axial  flight,  as  the  freestream  velocity  was  increased, 
the  variation  in  power  loading  changed  to  increasing  with  increasing  collective.  In 
general,  with  increasing  axial  velocity,  the  power  input  and  collective  for  maximum 
power  loading  also  increased. 

The  effects  of  changing  the  various  shroud  parameters  were  expressed  in  terms 
of  the  change  in  total  thrust  from  that  of  the  baseline  shrouded  propeller,  at  the 
same  power  consumption.  Increasing  the  area  ratio  from  1.1  to  1.2  and  1.3,  while 
keeping  the  diffuser  length  constant  (i.e.,  increasing  the  diffuser  angle  from  7°  to 
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14°  and  20°)  caused  the  total  static  thrust  to  increase  significantly,  then  level  off 
and  decrease.  Compared  to  the  baseline  shroud,  up  to  a  15%  further  increase  in 
static  thrust  was  obtained  at  cr£  between  1.2  and  1.3.  Considering  that  the  baseline 
shrouded  propeller  produced  up  to  90%  more  thrust  than  the  open  propeller  at 
the  same  power  input,  this  means  that  thrusts  up  to  2.2  times  that  of  the  open 
propeller,  at  the  same  power,  were  achieved  with  these  higher  area  ratios.  Here  too, 
the  thrust  increments  were  greater  than  those  predicted  by  the  simple  momentum 
theory.  Based  on  results  from  an  associated  experimental  program  in  which  “a 
long-chord,  1.4  area  ratio  shroud  was  tested  with  extremely  favourable  results,” 
the  authors  surmised  that  the  performance  levelling-off  was  “more  likely  due  to  a 
diffusion  rate  limitation,”  i.e.,  an  expansion-angle  limitation,  rather  than  to  an  area- 
ratio  limitation.  In  axial  flight,  as  freestream  velocity  was  increased,  increasing  the 
area  ratio  caused  performance  to  deteriorate  severely,  and,  in  the  same  associated 
experimental  program  mentioned  above,  “area  ratios  of  0.9  and  1.0  were  tested 
and  shown  to  be  beneficial”  at  the  higher  speeds.  Shortening  the  shroud  chord 
-  effectively,  reducing  the  diffuser  length  from  the  baseline  40%_Dt  to  30%/%  - 
while  maintaining  the  area  ratio  at  1.1,  and  thereby  increasing  9 d  from  7°  to  9.3°, 
caused  little  to  no  effect  in  static  conditions,  but  resulted  in  degradations  in  thrust 
at  the  higher  axial  velocities.  This  was  attributed  to  the  higher  thickness  ratio  of 
the  shorter  shroud.  Two  propeller  positions  within  the  shroud  were  tested:  the 
baseline,  with  the  propeller  40%  of  the  chord-length  back  from  the  shroud  inlet 
plane,  and  a  second  case  with  the  the  propeller  moved  forward  to  the  0.25cs  station. 
Having  the  propeller  further  forward  gives  the  wake  more  axial  length  to  achieve 
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the  desired  diffusion,  whereas  having  it  further  rearward  helps  to  even  out  any 
asymmetries  in  the  inflow.  Since  the  models  were  only  tested  in  axial  flow,  the 
effects  of  inflow  asymmetries  due  to  operation  at  an  angle  of  attack  to  the  freestream 
were  not  evaluated;  however,  it  was  found  that  the  forward  propeller  location  gave 
better  results  in  axial  forward  flight,  while  the  rearward  location  performed  better 
in  static  conditions.  A  significant  result  of  these  tests  was  that,  from  the  shroud 
surface  pressure  measurements,  it  was  seen  that  on  almost  all  the  models  tested, 
the  pressure  at  diffuser  exit  was  greater  than  atmospheric,  and  that  “only  on  rare 
occasions  did  the  pressure  there  equal  the  ambient  value.”  This  indicated  that 
the  wake  had  over-expanded  and  would  have  to  re-contract  downstream  of  the  exit 
plane.  No  estimates  were  given  of  the  true  final  area  of  the  wake  in  this  study. 

The  effects  of  changing  the  other  shrouded-propeller  parameters  were  much 
smaller  compared  to  those  of  changing  the  diffuser  parameters.  Three  different 
propeller  blade  planforms  were  tested:  rectangular  blades,  blades  with  wider  tips 
which  were  designed  for  higher  tip  loadings,  and  blades  with  narrower  tips,  which 
were  designed  for  higher  shank  loadings.  The  results  varied  with  input  power  and 
with  freestream  Mach  number,  but  the  differences  in  total  thrust  were  never  more 
than  5%.  Notably,  these  variations  were  more  so  due  to  changes  in  the  propeller 
thrust  rather  than  the  shroud  thrust.  With  narrow-tipped  blades,  a  three-bladed 
model  fared  better  in  static  and  near-static  conditions,  while  a  four-bladed  model 
produced  more  thrust  at  the  higher  Mach  numbers.  For  this  parameter  —  blade 
number  —  too,  though,  the  variations  were  within  5%  of  the  baseline.  Both  inlet 
and  exit  vanes,  in  the  form  of  untwisted,  uncambered,  constant-chord  airfoils,  set 
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at  up  to  ±10°  from  the  axial  direction,  caused  performance  to  either  deteriorate 
slightly  or  hardly  change  at  all.  Increasing  the  blade  tip  clearance  from  the  baseline 
0.12 %Dt  up  to  0.56%-Dt  caused  performance  to  consistently  deteriorate  only  in  static 
and  near-static  conditions,  and  even  there  the  degradations  were  by  less  than  5% 
of  the  baseline  thrust.  At  higher  axial  velocities,  thrust  first  decreased  when  <5tiP 
was  increased  to  0.26%_Dt,  and  then  increased  again  when  the  clearance  was  further 
increased  to  0.56%-Dt- 

1.4. 2. 2  Helicopter  tail  rotors 

For  helicopter  tail-rotor  applications,  the  shrouded  rotor  has  typically  only 
been  used  on  small-  and  medium-sized  helicopters.  For  larger  helicopters,  the  size 
and  weight  of  the  fan-in-fin  assembly  grow  disproportionately  large;  also,  safety 
considerations  in  ground  handling  become  less  critical  because  a  conventional  tail 
rotor  is  typically  mounted  at  the  top  of  a  pylon,  and  lateral  tilt  angles  for  equilibrium 
in  hover  with  a  low-mounted  fan-in-fin  become  uncomfortably  large  [29,  79].  An 
important  constraint  on  the  application  of  the  shrouded-rotor  concept  to  helicopter 
tail  rotors  is  that  the  length  of  the  shroud  is  limited  by  the  maximum  allowable 
thickness  of  the  tailboom  and  empennage  structure.  In  the  ideal  case,  a  uniform 
inflow  distribution  is  desired  at  the  plane  of  the  rotor.  Therefore,  a  large  shroud 
length  is  desirable,  with  the  rotor  placed  as  far  back  from  the  inlet  as  possible, 
so  that  in  forward  flight  for  the  helicopter  —  which  is  a  sideways-flow  condition 
for  the  tail  rotor,  a  long  length  of  shroud  is  available  for  the  the  flow  to  return 


to  a  nearly- uniform  profile  after  turning  from  the  freestream  direction  to  the  rotor 
axial  direction.  This  requirement  is  less  important  in  low-speed  flight  or  high-thrust 
conditions,  when  the  inflow  distribution  tends  to  be  fairly  uniform  already,  but  it 
does  become  critical  in  high-speed/low-thrust  conditions.  A  long  shroud  length,  i.e., 
a  low  shroud  thickness-to-chord  ratio,  also  allows  for  smooth  fairing  of  the  trailing 
edge  of  the  shroud,  for  low  drag  in  axial-flow  conditions  (sideways  flight  for  the 
helicopter).  On  the  other  hand,  in  sideways  flight  for  the  tail  rotor  (forward  flight 
for  the  helicopter),  a  long  shroud  length  also  results  in  a  larger  bluff  body  being 
presented  to  the  oncoming  flow,  and  consequently  higher  drag. 

In  1975,  Clark  [84]  reported  on  an  innovative  solution  to  this  problem  that 
was  developed  at  Sikorsky,  in  designing  the  fan-in-fin  that  was  tested  on  the  S-67 
Blaekhawk  helicopter.  This  solution  was  a  shroud  design  (Fig.  1.24)  that  was  not 
radially  symmetric:  On  the  forward  half  of  the  shroud,  towards  the  tailboom,  the 
inlet  of  the  shroud  was  swollen  to  increase  its  chord  length,  before  gradually  fairing 
into  the  lesser  thickness  of  the  tailboom,  while  on  the  opposite  half,  the  shroud  was 
allowed  to  taper  towards  the  rear  of  the  empennage.  This  was  possible  because,  in 
sideward  flow  (helicopter  forward  flight),  the  stagnation  point  that  is  formed  on  the 
aft  side  of  the  inlet  “washes  out  the  sensitivity  to  duct  length  seen  on  the  [forward 
side] ,”  and  so  the  aft  side  of  the  shroud  need  not  be  as  deep  as  the  forward  side.  Ad¬ 
ditionally,  the  cross-sectional  profile  shape  of  the  aft  side  of  the  shroud  was  changed 
from  an  ovoid  shape  to  a  cusped  shape,  with  a  concave  cut-out  on  the  exit  side  of  the 
external  profile.  This  cusp  design  helped  reduce  weight  by  doing  away  with  a  long 
aft  fairing,  reduced  the  strength  of  the  separated  flow  on  the  aft  surface  in  sideways 
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flight,  compared  to  the  otherwise  convex  surface  of  a  ‘doughnut ’-shaped  shroud, 
and  reduced  the  area  around  the  diffuser  exhaust,  minimizing  negative  thrust  due 
to  separated  flows  in  that  region. 

As  has  been  described  already,  the  quality  of  the  inflow  distribution  of  the  rotor 
is  also  affected  by  the  shape  of  the  inlet  lip.  Based  on  a  survey  of  experimental  fan-in- 
wing  data,  an  inlet  lip  radius  of  10%-Dt  was  selected  for  the  S-67’s  fan-in-fin,  in  order 
to  achieve  a  uniform  inflow  distribution  as  closely  as  possible,  “while  maintaining 
fully  attached  flow  in  all  phases  of  flight”  [84],  Later,  during  1/3-  and  1/4-scale 
tests  of  the  FANTAIL™  for  the  Boeing/Sikorsky  LH  (Comanche)  helicopter,  tests 
with  different  lip  radii  showed  that  reducing  riip  from  6.5%_Dt  to  0.9 %Dt  resulted 
in  separation  of  the  flow  from  the  inlet  surface  and  approximately  a  7%  decrease 
in  maximum  figure  of  merit  [85].  According  to  this  reference,  “it  was  found  that 
to  obtain  maximum  hover  performance,”  riip  values  greater  than  6.5-7.5%_Dt  were 
required.  A  lip  radius  of  7.5 %Dt  was  finally  selected  for  the  LH.  It  was  also  found 
that  a  sharp  diffuser  exit  radius  was  required  “for  best  static  performance,”  but 
negative  thrust  —  for  helicopter  directional  control  —  and  helicopter  forward  flight 
performance  “were  compromised.”  Based  on  additional  test  results,  the  radius  of 
the  aft  1/3  of  the  FANTAIL  exit  lip  was  increased  to  that  of  the  inlet,  as  this  was 
found  to  provide  “a  measurable  drag  reduction  . . .  [and]  improve  reverse  thrust 
performance.” 

In  1973,  in  investigating  the  same  problem  —  the  applicability  of  the  shrouded- 
rotor  configuration  to  helicopter  tail  rotors  —  Fairchild  et  al.  [53]  conducted  exper¬ 
iments  on  short-chord  shrouded  rotors,  with  total  shroud  lengths  (cs)  varying  from 
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(b)  Streamlines  around  ovoid  (‘doughnut-shaped’)  vs.  cusped  aft  sections  of  the  shroud. 

Figure  1.24:  Shroud  design  of  the  Sikorsky  S-67  Blackhawk’s  fan-in-fin: 
cross-sectional  top  views  [84]. 
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20 %Dt  to  60%Dt  and  diffuser  included  angles  from  0°  to  20°.  With  the  longest 
shroud  and  9 d  =  15°,  the  maximum  thrust  achieved  was  twice  as  much  as  the  maxi¬ 
mum  thrust  from  the  open  rotor.  Power  measurements  were  made  but  not  presented 
since  excessive  scatter  in  those  data  rendered  them  inconclusive.  In  general,  increas¬ 
ing  the  length  of  the  shroud  was  found  to  increase  the  total  thrust  and  the  shroud 
thrust  fraction,  Tshroud / Ttotai •  At  fixed  diffuser  angle,  the  increase  in  shroud  length 
from  0.2 Dt  to  0.6 Dt  caused  Tshroud/Ttotai  to  increase  from  approximately  36%  to 
53%.  At  low  expansion  angles,  the  effect  of  changing  cs/Dt  was  greater  at  the  lower 
values  of  c$/Dt,  while  at  the  higher  expansion  angles,  the  effect  was  more  uniform. 
At  fixed  shroud  length,  increasing  the  diffuser  angle  from  0°  to  20°  was  predicted 
to  cause  Tshroud /Ttotai  to  increase.  However,  the  experimental  data  showed  this  pa¬ 
rameter  (0d)  to  not  have  a  strong  effect:  at  c$/Dt  =  0.6,  the  shroud  thrust  fraction 
increased  very  slightly,  while  for  the  shorter  shrouds  it  decreased  slightly.  This  was 
attributed  to  flow  separation  in  the  diffuser,  due  to  the  low  disk  loading  of  the  test 
model  (5-7  lb/ ft2) . 

From  the  data  for  the  shrouds  with  dd  =  15°,  it  was  seen  that,  at  the  lowest 
collective  angle  of  10°,  there  was  little  difference  between  the  total  thrust  of  the  open 
rotor  and  the  shrouded  rotors,  while  at  the  higher  collectives,  the  shrouded  rotors 
produced  greater  thrust  than  the  open  rotor.  With  increasing  collective,  the  effects 
of  shrouding  and  of  increasing  the  length  of  the  shroud  became  more  pronounced, 
with  the  initial  increase  in  thrust  clue  to  adding  a  shroud  being  greater  than  the 
further  increase  from  increasing  the  length  of  the  shroud.  This  was  clue  to  the  fact 
that  the  open  rotor  stalled  at  a  collective  of  around  20°,  while  the  shrouded  rotors 


62 


“did  not  indicate  a  stall  np  to  the  maximum  angles  tested”  (30°).  Increasing  the 
length  of  the  shroud  seemed  to  increase  the  linearity  of  the  thrust-collective  curve, 
and  postpone  stall  to  higher  collectives. 

Tests  were  also  conducted  on  the  effects  of  rotor  solidity  and  the  location  of 
the  rotor  within  the  shroud.  At  fixed  diffuser  angle  (15°)  and  fixed  shroud  length, 
increasing  the  solidity  of  the  rotor  from  7%  to  30%  caused  Tshr0ud/Ttotai  to  decrease. 
For  cs/Dt=  0.6,  the  decrease  occurred  uniformly  over  the  range  of  solidities  tested, 
whereas  for  the  shorter  shrouds,  the  decrease  occurred  mostly  between  a  =  7% 
and  15%,  after  which  it  remained  mostly  constant.  The  highest  shroud  thrust 
fraction  was  therefore  achieved  with  the  longest  shroud,  the  largest  expansion  angle 
(although  not  significantly  so),  and  the  lowest  solidity  rotor.  The  effect  of  rotor 
location  was  tested  in  the  shroud  with  6d  =  0°  and  Cs/Dt  =  0.6.  Moving  the 
rotor  from  the  0.16cg  location  back  to  the  0.71cg  location  resulted  in  the  thrust 
measurements  showing  a  slight  maximum  when  the  rotor  was  at  the  mid-chord 
location  (0.5cg).  However,  these  data  were  taken  with  the  rotor  at  a  collective  of 
10°,  at  which  the  shroud  had  minimal  effect  on  the  rotor  performance. 

In  the  mid-1990s,  tests  at  Bell  Helicopter  Textron  on  Ducted  Tail  Rotor  (DTR) 
models  (Fig.  1.25)  with  different  shroud  lengths  (called  the  ‘thickness  ratio’  in  the 
reports)  —  10%  and  20%_Dt  —  showed  greater  reductions  in  power  from  the  base¬ 
line  open  rotor  and  greater  ‘duct  thrust  sharing’  in  hover  for  the  longer  (‘thicker’) 
shroud  [80].  Tests  of  rotor  blades  with  tapered  tips  showed  “a  slight  performance 
degradation  compared  to  the  [baseline]  square  tip  rotor.”  Part  of  the  reason  for 
this  was  that  “by  reducing  the  blade  loading  at  the  tip,  the  suction  on  the  duct 


63 


Figure  1.25:  Ducted  Tail  Rotor  tested  by  Bell  Helicopter  Textron  [80,  81]. 


decreased,  resulting  in  a  6%  reduction  in  thrust  produced  by  the  duct.”  Other  rotor 
parameters  were  also  varied,  as  part  of  a  simultaneous  investigation  of  the  acous¬ 
tic  characteristics  of  the  DTR,  but  full-scale  tests  on  a  Bell  Model  222U  helicopter 
showed  “no  measurable  difference”  in  performance  between  the  baseline,  4-bladed 
rotor  with  equally-spaced  blades  and  a  quieter,  5-bladed  rotor  with  unevenly-spaced 
blades,  increased  solidity  and  reduced  tip  speed. 

With  the  shroud  length  limited  by  the  width  of  the  tailboom,  helicopter  fan-in- 
fan  tail  rotors  have  typically  had  expansion  ratios  of  little  more  than  1.0.  Reporting 
on  the  development  of  the  FANTAIL™  shroud  for  the  Boeing/Sikorsky  LH  design, 
and  its  testing  on  an  H-76  demonstrator  aircraft,  Keys  et  al.  [85]  stated  that  the 
shroud  was  designed  with  a  ‘divergence  angle’  (half  the  included  angle)  of  5°  to 
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“prevent  premature  flow  separation  from  the  duct  walls  while  maximizing  perfor¬ 
mance.”  They  also  state  that  thrust  augmentation  (Ttota] /Trotor)  values  of  1.8  to 
almost  2.0  were  achieved,  compared  to  the  “theoretical  maximum  of  2.0,”  and  this, 
along  with  other  analyses  presented  in  this  reference  and  in  Ref.  [86],  indicates  an 
expansion  ratio  of  1.0.  Tests  on  the  Kamov  Ka-60’s  fan-in-fin  (0^  =  8°,  aj  =  1.1)  [92] 
also  showed  a  rotor  thrust  fraction  (Trotor/Ttotai)  of  0.55,  or  an  augmentation  fac¬ 
tor  of  1.82.  Aerospatiale  helicopter  fenestrons  also  had  shroud  expansion  ratios  of 
approximately  1.0  [93],  although  tests  on  fenestron  models  with  diffuser  included 
angles  varying  from  7°  up  to  25°  resulted  in  maximum  thrust  occurring  at  6d  = 
20°  [29,  93].  On  the  production  helicopters  such  as  the  later  Dauphins,  however, 
this  angle  was  limited  to  10°  due  to  “flow  instabilities”  arising  from  interactions  with 
the  main  rotor  wake  [93].  Adverse  interactions  with  the  main  rotor  wake,  leading  to 
a  dead-band  in  the  yaw  control  authority  (the  problem  did  not  occur  with  isolated 
fenestron  test  models),  were  also  the  reason  for  a  reduction  in  blade  twist  from 
—12.5°  on  the  early  Gazelle  fenestrons  to  —7°  on  the  later  aircraft  [28,  29,  79,  93]. 
Similar  reasoning,  based  also  on  experience  with  —32°  of  twist  on  the  fan-in-fin  of 
the  modified  Sikorsky  S-67  Blaekhawk,  led  to  the  adoption  of  -7°  of  twist  on  the 
Boeing/Sikorsky  FANTAIL™  [85]. 

As  in  other  shrouded-rotor  applications,  the  presence  of  the  shroud  caused 
the  stall  of  the  fan-in-fin  rotors  to  be  postponed  to  extremely  high  blade  collective 
angles.  In  tests  of  the  Ka-60’s  fan-in-fin  [92],  it  was  found  that,  up  to  the  collective  at 
which  the  open  rotor  stalled,  the  shrouded  rotor  produced  only  slightly  more  thrust 
than  the  open  rotor,  at  the  same  power.  However,  because  the  shrouded  rotor  didn’t 
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stall  until  a  much  higher  collective  of  around  55°,  its  maximum  achieved  thrust  was 
twice  as  high  as  that  for  the  open  rotor.  Similarly,  a  3/4-scale  model  of  the  LH 
FANTAIL  stalled  at  a  collective  (6 75)  of  48°  [86],  and,  in  half-scale  model  tests  of  a 
Gazelle  fenestron  with  6&  =  7°  and  with  a  rotor  with  —7°  of  twist,  stall  occurred  at  a 
collective  (07O)  of  45°  [93].  In  this  Aerospatiale  test,  stall  first  occurred  at  the  blade 
tips  and  then  proceeded  radially  inwards,  as  evidenced  by  measurements  of  the  flow 
velocities  in  the  wake,  which  showed  a  widening  zone  of  substantially  decreased  axial 
velocities  near  the  shroud  wall.  Later  design  iterations  of  the  fenestron  incorporated 
radial  variations  in  blade  thickness  and  airfoil  geometry  intended  to  increase  the  load 
at  the  blade  tip,  “so  as  to  get  the  maximum  depressure  level  on  the  shroud  and  delay 
as  far  as  possible  the  blade  tip  stall”  [93].  Prior  to  stall,  at  d70  =  35°,  the  average 
flow  swirl  (rotational)  angle  was  about  10°,  while  at  07o  =  47°,  post-stall,  the  mean 
swirl  angle  was  18°  in  the  core  of  the  wake,  increasingly  sharply  to  up  to  more  than 
60°  near  the  shroud  wall.  Surprisingly,  the  measurements  of  the  shroud  surface 
pressure  distributions  show  that  even  after  stalling,  the  rotor  continued  to  maintain 
strong  suction  pressures  on  the  shroud  inlet;  indeed,  the  suction  on  the  inlet  at 
970  =  47°  (post-stall)  was  greater  than  that  at  35°  (pre-stall).  The  pressure-jump 
through  the  rotor  remained  approximately  the  same  between  the  two  conditions,  so 
that  the  suction  pressures  on  the  diffuser  were  also  greater  at  the  higher,  post-stall 
collective.  These  pressures,  of  course,  are  due  to  to  the  total  velocity  at  the  shroud 
surface,  which  includes  both  the  axial  and  the  tangential  (swirl)  components  of  the 
velocity,  so  it  is  quite  likely  that  while  the  axial  velocites  at  the  wall  decrease  after 
the  rotor  blades  have  stalled,  it  is  the  increased  swirl  velocities  that  maintain  the 
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high  suction  pressures  on  the  shroud.16 

Stator  guide  vanes  can  be  used  to  recover  this  rotational  energy  and  produce 
additional  thrust,  while  also  functioning  as  structural  support  struts  for  the  rotor 
centerbody.  However,  these  were  only  incorporated  on  the  most  recent  versions  of 
Aerospatiale’s  fenestrons  —  on  the  later  Dauphins  and  subsequent  aircraft.  Even 
the  design  of  the  LH  FANTAIL  only  used  elliptical  cross-sections  for  the  supporting 
struts  and  the  driveshaft  cover,  for  the  sole  purpose  of  minimizing  their  drag  [85]. 
With  stators,  almost  complete  straightening  of  the  flow  was  achieved  in  tests  at 
Aerospatiale  [93] ,  as  well  as  increases  in  thrust  and  the  ability  to  reduce  the  length 
of  the  diffuser  required  for  pressure  recovery,  and  thereby  the  thickness  of  the  heli¬ 
copter  empennage.  In  half-scale  model  tests  with  0<\  =  10°,  the  use  of  stator  guide 
vanes  caused  thrust  to  increase  by  11%;  in  full-scale  ground  tests  of  Dauphin  fene¬ 
strons,  the  addition  of  guide  vanes  caused  thrust  to  increase  by  26%,  and  maximum 
FM  by  4.2%  up  to  a  value  of  0.74  (the  use  of  blades  with  newly-developed  OAF 
airfoil  sections  led  to  a  further  11%  increase  in  thrust  and  3%  increase  in  FM,  up 
to  0.76)  [29,  93].  3/4-scale  tests  of  the  LH  FANTAIL  resulted  in  a  maximum  fig¬ 
ure  of  merit  of  0.69  [85,  86],  which  is  slightly  lower  compared  to  the  Aerospatiale 
data  presented  in  Ref.  [93],  but  also  a  slightly  higher  maximum  loading  coefficient, 

Or/o-1',  in  hover  of  0.31,  which  is  about  twice  as  high  as  that  typically  achieved  by 

16The  same  pressure  measurements  also  showed  that  the  flow  pressure  at  the  diffuser  exit  plane 
was  still  slightly  less  than  ambient,  indicating  that  further  expansion  of  the  wake  took  place 
downstream  of  the  diffuser  exit  [29,  93]. 

17For  a  shrouded  rotor,  because  Ct  =  6Ytolal  and  not  Crrotor,  this  quantity  cannot  be  considered 
as  a  ‘blade-loading’  coefficient,  as  is  done  for  an  open  rotor.  The  equivalent  quantity  would  be 
obtained  by  multiplying  this  coefficient  by  the  factor  t/—,  which  requires  knowledge  of  the  true 
value  of  the  expansion  ratio  of  the  wake. 
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an  open  rotor  [86]. 


1.4. 2. 3  Unmanned  aircraft 

During  the  design  of  the  AROD  UAV  (Fig.  1.6m,  p.  15)  for  the  US  Marine 
Corps,  Weir  reported  in  1988  [35]  on  tests  conducted  at  Sandia  National  Laboratories 
on  six  different  shrouded-propeller  configurations  (Fig.  1.26).  The  full-size  vehicle 
had  a  propeller  diameter  of  2  feet  and  was  required  to  produce  85  lbs  of  thrust, 
whereas  these  tests  were  conducted  on  2/3-scale  models  (16-inch  diameter).  The 
tests  were  to  investigate  the  designs  of  the  inlet,  diffuser,  and  stator  control  vanes. 
The  baseline  shroud  had  an  annular  airfoil  profile  with  a  diffuser  included  angle 
of  14°  and  four  all-moving  vanes  attached  below  the  diffuser  exit  plane  in  a  cross 
configuration.  The  principal  changes  that  were  made  to  this  configuration  in  creating 
the  other  shrouds  were  (a)  to  reduce  6&  to  7°,  (b)  to  reduce  to  7°  and  extend 
the  diffuser  so  that  the  vanes  were  shielded  from  the  freestream,  (c)  to  replace  the 
annular  airfoil  with  a  torus,  thereby  increasing  the  inlet  lip  radius,  and  a  conical 
diffuser  with  6&=  14°,  and  (d)  to  remove  the  conical  diffuser,  thereby  leaving  a 
shroud  that  consisted  of  the  torus  only.  For  comparing  the  different  configurations, 
only  translational-flight  data  were  presented  in  this  reference,  and  these  data  were 
taken  with  the  models  in  an  “equilibrium”  condition  with  no  net  drag.  Therefore, 


since  the  models  were  tested  at  a  fixed  blade  pitch  angle  and  a  fixed  rotational  speed, 
the  data  at  low  angles  of  attack  (axial  flow)  were  taken  at  the  higher  tunnel  speeds 
(//  up  to  0.27),  while  the  data  at  high  angles  of  attack  (edgewise  flow)  were  taken 


(a)  Annular  shroud. 


(b)  Toroidal  shroud. 


Figure  1.26:  Shroud  configurations  tested  for  the  AROD  by  Weir  [35]. 

at  the  lower  tunnel  speeds.  Additionally,  high-speed  (low-a)  data  were  only  taken 
for  two  of  the  configurations:  the  annular  airfoil  shroud  with  the  diffuser  extension, 
and  the  toroidal  shroud  with  no  diffuser. 

For  all  the  shrouds,  the  general  trend  was  for  the  lift  (Cl)  and  pitch  moment 
(Cm)  coefficients  (as  normalized  by  utip,  not  v^)  to  increase  with  increasing  airspeed 
(and  simultaneously  decreasing  angle  of  attack),  reach  a  maximum  around  //  « 
0.125  (a  ~  45-50°),  and  then  decrease  —  as  would  be  expected.  In  all  cases, 
the  differences  in  Cl  due  to  the  configuration  changes  were  much  smaller  than  the 
differences  in  Cm  —  almost  smaller  than  the  limits  of  experimental  error,  even. 
Between  the  annular-airfoil  shrouds,  decreasing  9^  from  14°  to  7°  led  to  an  increase 
in  Cm  but  almost  no  change  in  Cl-  Extending  the  7°  diffuser  to  shield  the  vanes 
caused  a  slight  decrease  in  Cl,  but  a  large  increase  in  Cm-  This  was  because,  when 
the  vanes  were  exposed,  the  freestream  air  caused  the  exhaust  jet  to  bend  away  from 
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the  propeller  axis,  increasing  the  angle  of  attack  at  the  control  vanes  and  creating  a 
larger  nose-down  (negative)  pitch  moment  that  opposed  the  natural  nose-up  moment 
of  the  shroud.  With  the  vanes  shielded  from  the  freestream,  the  shroud’s  pitch 
moment  is  unopposed,  and  increases  to  that  of  a  shroud  with  no  vanes.  The  toroidal 
shrouds  had  higher  Cm  and  slightly  higher  Cl  than  the  annular-airfoil  shrouds  at 
low-yu'/high-a  —  this  was  attributed  to  their  larger  lip  radius;  however,  the  toroidal 
shrouds  also  changed,  with  increasing  ///decreasing  a,  to  decreasing  values  earlier 
and  more  abruptly  than  did  the  annular  shrouds.  Surface  flow  visualization  using 
tufts  showed  that  this  sudden  change  was  not  due  to  any  sort  of  flow  separation. 
At  high- /// low- a  (near-axial  flow  conditions),  the  extended-diffuser/annular-airfoil 
shroud  had  higher  Cl  and  Cm  than  the  no-diffuser/toroidal-inlet  shroud.  Between 
the  two  toroidal  shrouds,  the  one  with  the  diffuser  had  higher  values  of  CjJ  and  Cm 
than  the  one  without  —  again,  with  the  differences  in  Cm  being  much  larger  than 
those  in  Cl- 

The  Cypher  (Fig.  1.6n,  p.  15)  was  a  larger,  4-foot-rotor-diameter  UAV  devel¬ 
oped  by  Sikorsky  from  1986  to  1998  [96-110].  Unlike  previous  shrouded- rotor  UAV 
designs,  which  utilized  a  single  rotor  with  vanes  in  the  downwash  for  anti-torque 
and  yaw  as  well  as  pitch  and  roll  control,  the  Cypher  instead  used  a  pair  of  counter¬ 
rotating,  coaxial,  bearingless  rotors,  with  each  rotor  having  independent  cyclic  and 
collective  controls.18  Use  of  a  coaxial  rotor  system  eliminated  gyroscopic  coupling  in 

pitch  and  roll  that  would  have  occurred  with  a  single-rotor  system  [97,  103].  Also, 

18The  Hiller  VZ-1  flying  platform  (Fig.  1.6a,  p.  13)  also  used  a  coaxial  rotor  system,  but  the 
propellers  were  of  fixed  pitch.  Yaw  and  thrust  were  controlled  by  varying  the  propeller  rotational 
speeds,  and  pitch  and  roll  by  kinesthetic  control  from  the  human  pilot  [103]. 
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these  six  control  degrees  of  freedom  provided  complete  control  of  the  aircraft  along 
all  three  axes,  “thereby  eliminating  the  requirement  for  additional  [control]  surfaces 
or  equipment”  [103]. 19  The  azimuthal  variations  in  inflow  over  the  shroud  inlet 
caused  by  the  cyclic  variation  in  blade  angle  resulted  in  pitching  moments  induced 
on  the  shroud  that  were  more  than  six  time  higher  than  those  on  the  rotor  alone, 
thereby  greatly  increasing  their  control  authority.  For  example,  in  forward  flight, 
at  an  airspeed  of  70  knots  and  with  the  300-lb  aircraft  at  a  5-degree  nose-down 
attitude,  only  11°  of  forward  cyclic  was  required  to  trim  the  aircraft  and  neutralize 
the  1650  ft-lbs  of  nose-up  pitch  moment  that  was  being  otherwise  produced  by  the 
shroud  [103].  In  addition,  the  external  shape  of  the  shroud  of  the  final  Technol¬ 
ogy  Demonstrator  (TD)  was  tailored  to  itself  produce  a  nose-down  pitch  moment 
in  translational  flight,  so  as  to  reduce  the  cyclic  trim  requirements  [98].  With  this 
shaping,  the  shroud  moment  —  and  rotor  cyclic  requirement  —  increased  to  a  max¬ 
imum  at  an  airspeed  of  40  kts  and  decreased  thereafter.  As  of  1998,  the  TD  aircraft 
had  achieved  a  flight  endurance  of  2-3  hours  and  a  range  of  30-50  miles,  depend¬ 
ing  on  the  mission  profile,  a  maximum  speed  of  60  mph  (52  kts)  and  a  maximum 
altitude  of  8000  feet  [100].  Table  1.1  shows  the  evolution  of  the  final  TD  aircraft 
from  the  initial  proof-of-concept  vehicle,  and  Ref.  [103],  a  patent  hied  in  1990,  gives 

an  indication  of  some  of  the  experimental  work  performed  in  designing  the  shroud: 

19 Weir  [35],  on  the  other  hand,  argued  for  using  vanes  in  the  downwash  for  UAV  control,  stating 
that  “reaction  control  jets  and  a  cyclic  pitch  propeller  are  too  complex.  Control  surfaces  or  vanes 
in  the  propeller  jet  stream  offer  the  best  solution  as  they  are  relatively  simple  and  take  advantage 
of  the  high  dynamic  pressure  in  the  jet  under  all  conditions.”  Similar  sentiments  were  expressed  by 
Lipera  [27]  in  describing  the  design  of  the  Allied  Aerospace  iSTAR  UAV  (Fig.  1.6p):  “Because  of  the 
absence  of  complex  mechanisms  common  with  other  VTOL  aircraft  (counter-rotating  propellers, 
gearboxes,  articulating  blades,  etc.  . . . )  the  iSTAR  also  benefits  from  a  reduced  part  count 
contributing  to  improved  reliability,  low  structural  weight  and  low  cost.” 
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Two  separate  sets  of  figure-of- merit  data  show  that  decreasing  the  inlet  lip  radius 
caused  FM  to  either  steadily  decrease  from  about  0.88  to  0.72  when  riip  was  reduced 
from  17%  to  3 %Dt,  or  to  remain  constant  at  approximately  0.74  as  rup  was  reduced 
from  14 %Dt  to  5 %Dt,  and  then  sharply  decrease  to  0.50  at  a  lip  radius  of  zero. 
Another  noteworthy  result  shown  was  that,  for  two  different  values  of  lip  radius 
tested  (6.25%  and  12.5%.Dt),  reducing  the  shroud  length  from  100%_Dt  to  less  than 
5%-Dt  caused  the  thrust  to  decrease  by  less  than  10%,  in  contrast  to  what  appears 
to  be  an  analytical  result  that  predicted  a  decrease  of  more  than  30%,  and  also  that 
there  was  very  little  difference  in  thrust  between  these  two  lip  radii. 

Another  shrouded-rotor  UAV  design  that  used  a  coaxial  rotor  system  was 
the  10-inch-diameter  Perching  UAV,  or  PUAV,  developed  at  MIT’s  Charles  Stark 
Draper  Laboratory  during  2000-2002  [122,  123,  129]  (Fig.  1.27).  Unlike  the  Cypher, 
though,  the  PUAV  only  had  collective  control  of  the  rotors,  and  therefore  also  used 
vanes  for  pitch  and  roll  control.  The  unique  feature  of  the  PUAV  design  was  that 
the  direction  of  rotor  thrust  was  reversed  between  the  hover  and  forward-flight 
conditions  (Fig.  1.27b),  by  changing  the  blade  pitch  to  negative  angles  of  attack. 
The  shroud  profile  shape  was  that  of  a  NACA  0012  airfoil,  arranged  so  that  the 
leading  edge  was  the  inlet  during  forward  (axial)  flight,  with  the  vanes  upstream 
of  the  shroud,  acting  as  canard  control  surfaces.  In  hover,  with  the  direction  of 
thrust  reversed,  the  sharper  trailing  edge  of  the  annular  airfoil  became  the  inlet, 
and  the  vanes  operated  in  the  rotor  downwash.  Not  surprisingly,  in  static  tests  of 
the  prototype  vehicle,  the  maximum  thrust  of  the  shrouded-rotor  model  was  25% 
lower  than  that  of  the  open-rotor  model  [122],  These  initial  tests  were  followed  by 
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an  investigation  of  the  various  shroud  parameters  by  Dyer  [123],  who  tested  models 
with  three  different  lip  radii  (1.4-11.5%/%),  three  different  diffuser  angles  (0-23°, 
cr(  =  1.00-1.82)  and  two  different  blade  tip  clearances  (0.23%  and  0.46%_Dt).  The 
reduction  in  tip  gap  caused  the  power  consumption  to  decrease,  but  not  significantly 
so.  Increasing  the  lip  radius  caused  thrust  and  power  loading  ( T / P )  to  increase,  as 
expected.  On  the  other  hand,  increasing  the  diffuser  angle  caused  thrust  and  power 
loading  to  decrease,  contrary  to  predictions.  Surveys  of  the  wake  with  a  pitot  probe 
and  with  a  tufted  wand  revealed  a  large  reversed-flow  region  in  the  core  of  the  wake. 
This  was  due  to  separation  of  the  flow  from  the  rotor  centerbody,  and  was  probably 
what  prevented  the  larger  diffusers  from  producing  the  desired  expansion  and  the 
corresponding  performance  improvements. 

In  2003,  Fleming  et  al.  [34,  94]  investigated  the  effectivness  of  seven  different 
auxiliary  control  devices  (Fig.  1.28),  in  addition  to  conventional  aft-mounted  vanes, 
for  controlling  ducted-fan  VTOL  UAVs  in  crosswind  turbulence.  The  devices,  some 
of  which  were  inspired  by  the  patents  related  to  Paul  Moller’s  “Aerobot”  line  of 
ducted-propeller  UAVs  [130,  131],  were  tested  separately,  and  included  (1)  an  inter¬ 
nal  duct  vane,  mounted  immediately  below  the  rotor  on  the  windward  side  of  the 
duct,  (2)  a  retractable  “duct  deflector”  on  the  windward  side  of  the  internal  duct 
wall,  with  and  without  bleeding  of  air  to  the  outside  of  the  duct,  (3)  a  trailing  edge 
(diffuser  exit)  flap  on  the  leeward  side  of  the  duct,  to  increase  the  effective  camber  of 
the  duct  profile,  (4)  a  deflector  trough  or  “thrust  reverser”  on  the  windward  side  of 
the  diffuser  exit,  (5)  a  spoiler  on  the  windward  side  of  the  inlet  lip,  (6)  a  lip  extension 
or  “leading  edge  slat”  on  the  leeward  side  of  the  inlet,  and  (7)  tangential  and  normal 
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Figure  1.27:  MIT/Draper  Perching  UAV  (PUAV)  [122], 
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blowing  of  pressurized  air  on  both  windward  and  leeward  sides  of  the  inlet.  The  goal 
of  the  investigation  was  a  device  that  would  augment,  not  replace,  the  conventional 
aft-mounted  vanes,  and  which  would  provide  as  close  to  a  pure  pitch  moment  as 
possible,  without  generating  any  side-force  or  additional  drag.20  The  test  model 
was  similar  in  form  to  the  10-inch-diameter  Honeywell  Kestrel  (Fig.  1.6o,  p.  15), 
although  without  the  two  side  pods  present  on  that  aircraft,  and  was  tested  with 
a  fixed-pitch  propeller  in  hover  and  in  crosswinds  (edgewise  flow)  of  speeds  up  to 
30  knots  (50  ft/s).  In  hover,  the  models  were  tested  at  different  rotational  speeds, 
with  tip  speeds  from  200  to  500  ft/s.  Above  a  tip  speed  of  about  300  ft/s,  the 
baseline  shrouded  propeller  (no  vanes,  no  auxiliary  control  devices)  averaged  a  20% 
increase  in  thrust  coefficient  above  the  open  propeller  (0.0205  vs.  0.017).  At  these 
higher  tip  speeds,  Ct  remained  fairly  constant,  while  at  the  lower  tip  speeds,  Ct 
decreased  near-linearly  with  decreasing  vtip .  In  the  cross-wind  tests,  it  was  stated 
that  the  models  were  maintained  at  a  constant  disk  loading21  of  12  psf22,  which 
would  imply  that  the  rotational  speed  was  varied  with  changing  airspeed. 

In  edgewise  flow,  the  total  drag  of  the  baseline  shrouded  rotor  was  almost 
identically  equal  to  the  prediction  for  the  momentum  drag  of  the  system,  clearly 
showing  how  large  this  component  of  the  drag  is,  compared  to  the  profile  drag  of 
the  shroud.  Unlike  the  drag,  which  increased  as  would  be  expected  with  increasing 

airspeed,  the  pitch  moment  data  showed  an  increase  in  nose-up  pitch  moment  up 

20 Conventional  aft-mounted  vanes  generate  a  corrective,  nose-down  pitching  moment  by  creating 
a  force  that  acts  in  the  same  direction  as  the  vehicle  drag,  further  exacerbating  the  situation. 

21The  authors  seem  to  use  the  term  “disk  loading”  to  mean  the  ratio  Ttotai/A,  not  Trotol-/ A. 

22  “For  comparison  to  actual  flying  vehicles,  ducted-fan  VTOL  UAVs  of  comparable  size  have 
disk  loadings  ranging  from  approximately  11  to  25  psf.”  [34] 
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Figure  1.28:  Auxiliary  control  devices  tested  by  Fleming  et  al.  [34], 
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to  an  airspeed  of  17  ft/s,  and  then  an  unexpected  decrease  to  nose-down  pitch 
moments.  The  authors  surmised  that  this  was  possibly  due  to  separation  of  the 
flow  from  the  windward  side  of  the  “relatively  sharp  leading  edge”  (rup  was  less 
than  6 %Dt).  However,  from  the  illustrations  of  the  model,  it  seems  that  the  shroud 
profile  was  cambered  outwards,  rather  than  inwards,  as  is  the  norm  for  shrouded 
rotor  systems  that  are  optimized  for  low-speed  flight,  and  this  may  have  also  been 
a  factor  in  causing  this  phenomenon. 

The  vanes  were  tested  at  deflection  angles  from  —30°  to  +30°,  and  caused 
the  expected  increases  in  drag  and  changes  in  pitch  moment.  At  airspeeds  above 
15-20  kts  (25-34  ft/s),  though,  the  results  due  to  different  vane  deflection  angles 
were  nearly  identical,  indicating  that  the  deflection  of  the  jet  (the  rotor  downwash) 
by  the  freestream  had  increased  the  angle  of  attack  of  the  flow  at  the  vanes  to  large 
enough  values  that  they  had  stalled.  This  was  confirmed  by  a  CFD  simulation  of 
the  bending  of  the  jet  by  the  crosswind. 

Of  the  various  auxiliary  control  devices  tested,  the  best  performing  were  the 
internal  duct  deflector  with  bleed,  the  flow  control  at  the  inlet  by  blowing,  and  the 
internal  duct  vane,  although  flow  control  by  blowing  would  probably  not  be  a  feasible 
option  on  a  MAV  because  of  the  high  plenum  air  pressures  that  were  required  in 
these  tests  to  have  any  significant  effect.  In  general,  the  various  devices  were  able  to 
produce  the  desired  nose-down  pitch  moments,  although  their  effectiveness  varied 
at  different  airspeeds.  At  low  speeds,  the  best  performing  devices  augmented  the 
control  authority  of  the  primary  control  vanes  by  up  to  about  50%,  while  at  higher 
speeds,  where  the  vanes  had  stalled,  the  auxiliary  devices  were  able  to  provide 
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changes  in  pitch  moment  that  the  control  vanes  alone  could  not. 

In  2004,  Martin  and  Tung  [117]  tested  two  10-inch-diameter  shrouded-rotor 
models  (Fig.  1.29)  in  hover  and  in  forward  flight,  at  angles  of  attack  from  0°  (axial 
flow)  to  110°  and  airspeed  ratios  (//)  up  to  0.18  (41  knots,  70  ft/s).  The  two  shrouds 
had  different  inlet  lip  radii  -  1.7%A  and  2.9 %Dt  -  as  well  as  different  camber  and 
thickness  distributions.  In  the  following  discussion,  these  will  be  referred  to  as  the 
‘LR1.7’  and  ‘LR2.9’  shrouds,  respectively.  Both  shrouds  were  cambered  outwards, 
like  the  models  tested  by  Fleming  et  al.  [34,  94] ,  and  “were  constant  internal  diameter 
along  the  length,  except  for  a  very  small  region  near  the  trailing  edge,”  i.e.,  they 
had  expansion  ratios  of  approximately  1.0.  As  can  be  seen  from  the  profile  shapes 
shown  in  Fig.  1.29,  this  approximation  is  more  accurate  for  the  LR2.9  model;  Od 
for  the  LR1.7  model  would  have  been  slightly  greater  than  1.0.  Both  models  were 
tested  with  fixed-pitch  propellers  of  varying  diameters,  to  test  tip  clearances  from 
0.5%  to  2% A, 

In  hover,  the  shrouded  and  open  rotors  were  tested  at  tip  speeds  from  87  to 
415  ft/s.  The  open  rotor  produced  a  thrust  coefficient  of  0.019,  which  was  fairly 
constant  down  to  a  tip  speed  of  214  ft/s,  below  which  it  decreased  to  ~0.017  at  utiP 
=  87  ft/s.  The  shrouded  rotors  also  displayed  a  reduction  in  Ct  with  decreasing  tip 
speed,  but  at  a  rate  more  severe  than  that  for  the  open  rotor,  to  the  extent  that  for 
tip  speeds  below  about  130-170  ft/s,  the  thrust  coefficients  of  the  shrouded  rotors 
were  lower  than  that  of  the  open  rotor.  This  was  attributed  by  the  authors  “either 
to  loss  of  the  suction  peak  on  the  duct  lip  from  laminar  separation,  or  more  likely 
due  to  the  viscous  losses  inside  the  duct.” 


78 


(a)  Shroud  profiles.  Red  =  ‘LR1.7’,  blue  =  ‘LR2.9’. 

Figure  1.29:  Shrouded  rotors  tested  by 

The  shrouded-rotor  model  with  the  larger,  2.9%Dt  lip  radius  (‘LR2.9’)  achieved 
a  maximum  thrust  coefficient  of  0.026  —  37%  higher  than  that  of  the  open  rotor  - 
at  the  smallest  tip  gap  of  0.5 %Dt.  When  <5tip  was  increased  to  2 %Dt,  the  maximum 
Ct  fell  by  12%  to  0.023,  which  was  still  21%  higher  than  that  of  the  open  rotor. 
Decreasing  the  lip  radius  to  1.7%_Dt  caused  Ct  to  decrease  by  about  15%:  from 
0.026  to  0.022  at  a  tip  gap  of  0.5%Dt,  and  from  0.025  to  0.021  at  a  tip  gap  of  1  %Dt. 
With  the  sharper  inlet-lip  (‘LR1.7’)  model,  thus,  the  highest  thrust  coefficients  were, 
respectively,  16%  and  10%  higher  than  that  of  the  open  rotor.  A  potential  flow  anal¬ 
ysis  showed  that  a  decrease  in  inlet  suction  would  have  been  the  most  likely  reason 
for  the  reductions  in  thrust  due  to  increasing  tip  gap  and  decreased  lip  radius.  On 
the  other  hand,  the  LR1.7  model  did  display,  experimentally,  a  slightly  less-severe 
reduction  in  thrust  with  decreasing  tip  speed  than  did  the  LR2.9  model. 

As  with  the  thrust  coefficient,  the  increase  in  blade  tip  clearance  also  caused  a 


(b)  Test  model. 
Martin  and  Tung  [117]. 
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reduction  in  the  figure  of  merit,  as  seen  from  the  data  given  for  the  LR2.9  model  at 
the  highest  tip  speed  tested.  The  open  rotor  achieved  a  FM  of  0.44.  The  reported 
FM  for  the  LR2.9  shrouded  rotor  was  0.67  at  the  smallest  tip  gap  (0.5%_Dt),  which 
was  52%  higher  than  that  of  the  open  rotor.  Doubling  the  tip  gap  to  1  %Dt  caused 
FM  to  drop  rapidly  by  24%  to  0.51,  after  which  a  further  doubling  of  5tiP  to  2 %Dt 
caused  FM  to  decrease  more  slowly,  by  7%,  to  0.46.  However,  the  authors  used  the 
formula  for  an  open  rotor  in  calculating  the  figure  of  merit  for  the  shrouded  rotors 
as  well;  hence,  for  a  shrouded  rotor  with  Od  «  1.0,  their  reported  values  would  be 
40%  higher  than  the  actual  values.  The  correct  values  of  FM  for  the  LR2.9  model 
would  therefore  be  0.47  for  the  smallest  tip  gap  (50.5),  which  is  only  7%  higher  than 
that  of  the  open  rotor,  and  0.33  at  the  largest  tip  gap  (52.0),  which  is  25%  lower 
than  that  of  the  open  rotor. 

Given  FM  and  Ct,  the  power  coefficients  for  the  open  rotor  and  the  LR2.9 
shrouded  rotor  can  be  calculated,  and  the  values  of  Ct/Cp  obtained  as  follows:  4.52 
for  the  open  rotor,  5.91  for  LR2.9  at  the  smallest  tip  gap  (50.5),  which  is  30%  higher 
than  for  the  open  rotor,  a  23%  decrease  to  4.55  for  51.0,  and  a  further  5%  decrease 
to  4.26  for  52.0,  which  is  6%  lower  than  that  for  the  open  rotor.  The  variation  in 
Ct/Cp  with  changing  tip  clearance  is  thus  similar  to  that  of  the  figure  of  merit. 
However,  even  these  values  are  not  entirely  accurate,  because  even  though  a  six- 
component  balance  was  used  to  measure  the  forces  and  moments  on  the  models  in 
this  investigation,  the  values  of  power  used  in  the  analysis  by  the  authors  were  the 
measurements  of  electrical  power  supplied  to  the  motor,  and  so  include  electrical 
and  transmission  losses  in  addition  to  the  pure  aerodynamic  torque  on  the  rotors. 
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Although  the  measurements  were  taken  at  the  same  rotational  speed,  the  motor  effi¬ 
ciency  also  depends  on  the  loading  conditions,  and  is  therefore  different  at  different 
rotor  torques.  Therefore,  not  only  would  the  true  values  of  FM  and  Ct/Cp  have 
been  higher  than  those  presented  above,  for  both  the  open  and  shrouded  rotors,  but 
their  indicated  variations  also  be  questionable. 

In  forward  flight,  in  the  low  angle-of- attack  range  (0-45°),  the  various  shrouded 
rotors  exhibited  very  similar  lift  (Cx-vs.-a)  characteristics:  an  initial  slope  75% 
greater  than  that  of  the  “unpowered”  shroud  (annular  wing)  alone,  a  slight  kink  in 
the  curve  at  an  angle  of  attack  between  16°  and  23°,  and  then  a  further  increase 
with  almost  the  same  slope  before  stalling  at  around  a  =  40°.  The  unpowered 
LR2.9  shroud,  in  comparison,  stalled  at  a  =  14°,  and  had  a  maximum  Cl  that 
was  3.75  times  lower  than  that  of  the  powered  model  (LR2. 9-51.0).  Decreasing 
either  the  tip  gap  or  the  lip  radius  caused  the  kink  in  the  curve  to  be  postponed 
to  a  slightly  higher  angle  of  attack.  The  pitch  moment  (Cm)  characteristics,  on 
the  other  hand,  were  quite  different  for  the  two  shroud  models.  From  axial  flow  (a 
=  0°)  up  to  an  angle  of  attack  of  12°,  the  two  models  had  nearly  identical  pitch 
moment  coefficients.  Beyond  a  =  12°,  Cm  for  the  sharper-inlet  model  (LR1.7) 
remained  roughly  constant,  exhibiting  some  scatter,  while  Cm  for  the  LR2.9  model 
increased  dramatically  to  values  roughly  ten  times  higher  than  those  of  LR1.7.  At 
a  =  40°,  coincident  with  the  lift  stall,  both  models  displayed  a  sudden,  sharp  drop 
in  pitch  moment.  For  the  LR1.7  model,  for  which  Cm  was  already  fairly  low,  this 
resulted  in  negative,  nose-  down  pitch  moment  between  a  =  40°  and  45°.  These 
preceding  measurements  were  taken  at  an  airspeed  ratio  of  0.15  (60  ft/s).  At  a 
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slightly  lower  airspeed  —  //'  =  0.1  (40  ft/s)  —  and  in  the  higher  angle-of-attack 
range  (60°-110°),  the  pitch  moments  were  once  again  positive  (nose-up)  for  both 
models,  with  Cm  for  the  LR2.9  model  being  37%  higher  than  that  for  the  LR1.7 
model  at  angles  of  attack  near  90°  (edgewise  flow).  The  lower  pitch  moments  of  the 
sharper-inlet  model  was  attributed  to  separation  of  the  flow  from  the  inlet,  and  this 
is  also  suggested  by  the  greater  scatter  in  the  Cm  data  for  this  model,  in  comparison 
with  the  much  smoother  variations  in  the  data  for  the  LR2.9  model.  However,  since 
the  two  shroud  profiles  also  had  different  thickness  and  camber  distributions,  in 
addition  to  different  leading-edge  radii,  it  is  quite  possible  that  those  factors  also 
affected  the  Cm  characteristics.  The  effect  of  changing  airspeed  on  the  pitch  moment 
was  investigated  by  a  sweep  from  12  to  54  ft/s  (//  =  0.03-0.14)  for  the  LR2. 9-51.0 
model  in  edgewise  flow  (a  =  90°).  The  Cm  data  increased  to  a  maximum  value 
at  ji!  =  0.125  before  starting  to  decrease  again,  although  the  “decrease”  may  have 
been  an  artifact  of  possible  scatter  in  the  measurements  and  the  curve-fit  that  was 
applied  to  them. 

Following  up  on  the  results  obtained  in  this  investigation  on  the  beneficial 
effects  of  minimizing  the  blade  tip  clearance,  Martin  and  Boxwcll  [124]  tested  two 
other  shrouded-rotor  models  that  were  designed  to  effectively  eliminate  the  tip  clear¬ 
ance  completely  (Fig.  1.30).  Both  models  were  derived  from  the  baseline,  10-inch 
inner-diameter  LR2.9  shroud  of  the  earlier  investigation,  and  were  tested  with  a 
10.35-inch-diameter  propeller.  In  one  shroud,  the  extended-diameter  propeller  fit 
into  a  notch  that  was  cut  into  the  inner  shroud  surface  at  the  propeller  tip-path 
plane.  In  the  second  shroud,  a  rearward-facing  step  was  cut  into  the  inner  shroud 
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(a)  Notched  shroud. 


(b)  Stepped  shroud. 


Figure  1.30:  Shrouded  rotors  tested  by  Martin  and  Boxwell  [124], 

profile  just  above  the  tip-path  plane  to  accomodate  the  propeller.  The  potential-flow 
analysis  predicted  increased  inlet  suction  and  a  “dramatically  increased  performance 
increment”  for  the  stepped  shroud.  However,  the  experimental  (hover)  thrust  and 
power  data  showed  no  difference  between  the  performance  of  the  baseline  model  and 
the  notched-shroud  model,  and  degraded  performance  for  the  stepped  shroud.  The 
failure  of  the  analytic  model  was  attributed  by  the  authors  to  “viscous  dominated 
flow  in  the  area  of  the  [blade]  tip  along  the  duct  wall.” 

During  the  same  time  period,  Graf  et  al.  [125]  tested  the  effects  of  five  different 
lip  geometries  (Fig.  1.31)  on  the  hover  and  forward-flight  performance  of  a  similarly- 
scaled  shrouded-rotor  UAV  model,  the  goal  being  to  obtain  “a  duct  lip  design  that 
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provides  good  static  thrust  performance  while  also  avoiding  the  generation  of  adverse 
moments  as  much  as  possible.”  Three  lip  geometries  were  extensively  tested:  a 
“baselinel”  lip  with  rup  ~  1.8%_Dt  and  a  shroud  profile  thickness  of  12.5%cs;  a 
“step”  lip  with  a  rearward-facing  step  above  the  rotor  plane,  similar  to  that  tested 
by  Martin  and  Boxwell  [124],  and  with  slightly  increased  shroud  profile  thickness 
(15.8%cs)  and  lip  radius  (~2.2%Dt);  and  a  “baseline2”  lip,  which  was  a  blending 
of  the  designs  of  the  other  two  shapes  —  similar  in  shape  to  the  stepped  lip,  but 
without  the  step,  and  with  reduced  thickness  (12.5%cs)  and  lip  radius  (~1.9%_Dt). 
The  baseline2  lip  was  tested  on  a  shroud  model  that  was  15%  larger  than  that  for 
the  other  models,  and  also  had  stator  vanes  of  a  different  design.  Two  additional 
lip  shapes  were  initially  also  tested  —  an  elliptical  lip,  with  a  reduced  lip  radius 
of  ~0.8%_Dt,  and  a  circular-arc  lip,  with  an  increased  lip  radius  of  ~3.0%_Dt  - 
but  these  were  not  tested  further  because  they  produced  less  static  thrust  than  the 
other  three  models.  The  circular-arc  lip  produced  slightly  more  thrust  than  the 
elliptical  lip,  and  the  baselinel,  baselinc2  and  step  lips  produced  almost  the  same 
amount  of  thrust,  with  the  values  for  the  baseline2  and  step  being  only  very  slightly 
higher  than  those  of  baselinel.  The  test  set-up  allowed  for  separate  measurement 
of  the  axial  load  on  the  shroud  only,  and  it  was  found  that,  although  their  total 
static  thrust  values  were  nearly  the  same,  the  baseline2  model  achieved  a  higher 
shroud  thrust  fraction  (Tshroud/Ttotai)  of  about  0.53,  compared  to  about  0.35  for  the 
baselinel  model. 

In  forward  flight,  the  baselinel  and  step-lip  models  were  tested  in  edgewise 
flow  ( a  =  90°)  at  airspeeds  from  10  to  40  ft/s.  In  these  conditions,  the  step  lip 
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Figure  1.31:  Inlet  lip  shapes  tested  by  Graf  et  al.  [125]:  (a)  baselinel,  (b)  step,  (c) 
elliptical,  and  (d)  circular  arc.  The  left  side  of  each  lip  corresponds  to  the  interior 
of  the  shroud.  The  last  shape  tested  (baseline2)  was  not  shown. 

produced  slightly  higher  lift,  slightly  lower  drag,  and  significantly  higher  nose-up 
pitch  moments  than  the  baselinel  lip.  For  both  models,  increasing  the  airspeed 
caused  lift  to  remain  approximately  constant  or  decrease  very  slightly,  drag  to  in¬ 
crease  significantly,  and  the  pitch  moment  to  initially  increase  before  starting  to 
level  off  at  the  higher  airspeeds.  For  both  models,  the  ram  drag  averaged  80%  of 
the  total  drag,  with  the  ratio  slowly  decreasing  as  airspeed  increased,  indicating  the 
increasing  contribution  of  the  shroud  profile  drag  to  the  total.23 

The  baseline2  model  was  tested  at  airspeeds  from  30  to  85  ft/s,  and  at  angles 
of  attack  from  axial  flow  (0°)  to  edgewise  flow  (90°).  At  all  airspeeds,  lift  and  drag 
both  increased  with  angle  of  attack,  although  the  lift  data  did  show  a  maximum 
value  near  a  =  70°,  beyond  which  it  slowly  decreased.  With  increasing  airspeed, 
the  angle  of  attack  at  which  this  maximum  occurred  slowly  decreased.  Both  lift  and 

drag  increased  slowly  with  increasing  airspeed.  On  the  other  hand,  the  pitch  moment 

23The  ram  drag  is  proportional  to  the  airspeed,  while  the  profile  drag  scales  with  the  square  of 
the  airspeed. 
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was  seen  to  decrease  with  increasing  airspeed,  showing  nose-down  (negative)  values 
at  85  ft/s,  and  to  also  exhibit  increasing  scatter  in  the  data.  At  the  lower  airspeeds, 
the  pitch  moment  increased  steadily  with  increasing  angle  of  attack,  while  at  the 
highest  airspeed  it  showed  a  gradually  decreasing  trend.  Both  of  these  phenomena 
point  to  separation  of  the  flow  on  the  windward  side  of  the  inlet  with  increasing 
airspeed. 

1.4.3  Experimental  work:  Tests  of  a  single  shrouded-rotor  model 

This  section  lists  experimental  investigations  in  which  a  single  shrouded-rotor 
configuration  was  tested,  without  changing  any  of  the  shroud  parameters  described 
above.  Typically,  these  investigations  were  for  the  purpose  of  determining  the  effects 
of  changing  the  freestream  velocity  and  angle  of  attack  on  a  shrouded  rotor.  These 
included  the  work  of  Kruger  [43],  Parlctt  [55],  Moser  [58],  Kelly  [132],  Milla  and 
Blick  [133],  Abrego  and  Bulaga  [134],  the  tests  in  support  of  the  development  of 
the  Doak  VZ-4  aircraft  by  Parlctt,  Yaggy,  Goodson,  Mort,  Grunwald,  Kelley  and 
Champine  [60-68],  and  of  the  Bell  X-22A  aircraft  by  Newsom,  Maki,  Giulianetti, 
Mort,  Spreemann,  Biggers,  and  G  anise  [69,  71-75]. 

In  2005,  Sirohi  et  al.  [23]  investigated  the  effects  of  adding  a  shroud  with  an 
expansion  ratio  (<7/)  of  1.14  and  anti-torque  stator  vanes  to  a  6-inch-diameter  rotor 
(Fig.  1.32).  The  open  rotor  achieved  its  maximum  figure  of  merit  of  0.45  at  a  thrust 
coefficient  of  0.029.  Testing  the  open  and  shrouded  rotors  at  the  corresponding 
collective  angle,  and  over  a  range  of  rotational  speeds,  resulted  in  increases  in  thrust 


Figure  1.32:  Shrouded  rotor  tested  by  Sirohi  et  al.  [23]. 


over  the  open  rotor,  at  the  same  electrical  input  power  to  the  motor,  of  up  to  35%,  or 
reductions  in  electrical  power  at  the  same  thrust  by  up  to  44%.  More  recently,  tests 
by  Hrishikeshavan  and  Chopra  [25]  in  2008  on  a  9.5-inch-diameter  (24  cm)  rotor, 
with  a  maximum  open-rotor  figure  of  merit  of  0.64,  showed  increases  in  thrust  from 
shrouding  =  1.0)  of  around  30%  at  the  same  mechanical  input  power. 

1.4.4  Analytical  methods  for  performance  prediction 

Analytical  methods  for  predicting  the  performance  of  shrouded  rotors  have 
ranged  from  the  elementary  momentum-theory,  blade-element-momentum-theory 
(BEMT)  and  blade-element- vortex-theory  (BEVT)  models  to  more  sophisticated 
potential-flow  models  (the  classical  ‘method  of  singularities’  [54]),  sometimes  coupled 
with  a  separate  boundary-layer  code  in  order  to  provide  some  modeling  capability  for 
viscous  effects,  and,  in  recent  years,  computational-fluid-dynamics  (CFD)  methods 
using  the  Euler  equations  and  various  other  simplifications  of  the  full  Navier-Stokes 
equations.  An  excellent  account  of  each  of  these  approaches,  along  with  comparisons 
of  their  relative  merits  and  demerits,  was  provided  by  Sacks  and  Burnell  in  1962  [54] 


87 


-  except  for  the  CFD  methods,  which  were  developed  after  their  time. 

1.4.4. 1  Blade-Element  and  Potential-flow  methods 

The  seminal  work  in  this  area  is  considered  to  be  that  of  Kuchemann  and 
Weber  [44-51],  who,  in  the  1950s,  developed  potential- flow  solutions  for  annular 
airfoils  (‘ring-shaped  cowlings’)  in  a  uniform  flow,  by  modeling  the  bodies  with 
distributions  of  vortex  rings  over  their  surfaces,  and  also  performed  wind-tunnel 
experiments  with  which  to  compare  their  predictions.  In  the  1960s,  using  the  same 
method,  Kriebcl  [135]  derived  expressions  for  the  force  and  pitching  moment  coef¬ 
ficients  of  a  ducted  propeller  in  steady  flight  at  an  angle  of  attack  as  well  as  the 
longitudinal  stability  derivatives  in  pitching  motion,  incorporating  the  effects  of  duct 
length,  thickness,  camber  and  taper  ratio,  but  modeling  the  propeller  as  a  uniformly 
loaded  actuator  disk.  Kriebel  and  Mendenhall  [116]  developed  methods  for  predict¬ 
ing  the  forces  and  moments  on  a  duct  in  terms  of  the  propeller  thrust,  as  well  as  the 
duct  surface  pressure  distributions  and  boundary- layer  separation,  and  compared 
their  predictions  with  measurements  made  on  the  Bell  X-22A  and  Doak  VZ-4  air¬ 
craft  models.  In  1970,  Mendenhall  and  Spangler  [136,  137]  consolidated  the  earlier 
work  and  presented  a  computer  program  for  predicting  the  forces  and  moments  on 
a  ducted  fan  at  a  specified  advance  ratio  and  angle  of  attack,  as  well  as  the  radial 
inflow  variations  and  duct  surface  pressure  distributions.  The  program  algorithm 
consisted  of  an  iterative  application  of  a  blade-element-vortex-theory  model  and  the 
superposition  of  two  solutions:  “an  axial  flow  solution  for  the  fan-duct-centerbody 


combination  and  an  angle  of  attack  solution  for  the  duct.”  Sheehy  [138]  presented  a 
computer  algorithm  for  the  inverse  task:  that  of  designing  the  propeller  and  stator 
vanes  when  the  shroud  geometry  and  performance  requirements  are  specified.  This 
algorithm  was  later  used  in  1988  by  Weir  in  designing  the  AROD  UAV  [35].  Ear¬ 
lier,  also  in  1970,  Gray  and  Wright  [139]  developed  a  vortex  wake  model  for  heavily 
loaded  ducted  fans,  in  which  the  “inner  vortex  sheets  [shed  from  the  blades]  move 
at  a  different  rate  from  that  of  the  boundary  sheet  [shed  from  the  trailing  edge  of 
the  duct]”,  thereby  removing  the  restriction  of  light  loading  —  in  which  the  two 
sheets  move  downstream  at  the  same  rate  —  inherent  in  previous  analyses.  A  sim¬ 
pler  method,  compared  to  that  of  modeling  the  shroud  as  chordwise  distribution  of 
vortex  rings,  was  suggested  by  McCormick  in  1967  [140],  and  involved  concentrating 
the  entire  circulation  of  the  shroud  as  a  single  vortex  ring  at  the  shroud  quarter- 
chord  location.  This  formulation  was  used  by  Fairchild  et  al.  in  1973  [53]  to  show 
that  even  for  a  diffuser  angle  of  0°,  in  axial  flow,  increasing  the  shroud  chord  causes 
greater  reductions  in  ideal  power  compared  to  an  open  rotor. 

An  early  attempt  at  modeling  the  effect  of  the  finite  tip  clearance  was  per¬ 
formed  by  Goodman  [141],  who,  in  1956,  formulated  a  correction  factor  for  thrust 
and  efficiency  measurements  in  wind-tunnel  tests  of  propellers.  This  formulation 
was  essentially  a  “re-working  [of]  the  Prandtl  solution  . . .  [which  accounts]  for  a 
finite  number  of  blades  by  considering  the  radial  flow  near  the  blade  tips  . . .  taking 
into  account  the  presence  of  a  nearby  wall.”  As  the  size  of  the  gap  approaches  in¬ 
finity,  i.e.,  the  case  of  an  open  rotor,  the  Goodman  correction  factor  reduces  to  the 
standard  Prantl  tip-loss  correction  factor  for  an  open  rotor  [14,  pp. 102-105].  The 


analysis  shows  that  “the  circulation  at  any  [blade]  station  is  larger  when  there  is 
a  wall  present  than  when  there  is  not.  . . .  Because  of  the  constraint  of  the  wall, 
less  air  is  able  to  flow  around  the  propeller  disc  and  more  air  must  flow  through 
it.”  The  gain  in  thrust  is  achieved  at  the  cost  of  a  loss  in  efficiency,  however,  if  a 
blade  design  is  used  that  has  been  optimized  for  use  on  an  open  rotor,  indicating 
that  blades  designed  for  shrouded  rotors  should  have  a  different  twist  schedule  than 
those  designed  for  open  rotors. 

In  1974,  Gibson  [142]  conducted  theoretical  studies  of  the  effects  of  the  tip 
clearance  and  of  radial  variations  in  blade  loading  on  the  performance  of  shrouded 
rotors,  with  the  shroud  modeled  using  continuous  surface  distributions  of  ring  vortic- 
ity.  Decreasing  the  tip  clearance  from  5%  to  1  %Dt  showed  the  expected  increases  in 
thrust  and  efficiency.  However,  below  1  %Dt,  further  reducing  the  clearance  caused 
the  predicted  thrust  and  efficiency  to  decrease;  this  was  attributed  to  failure  of  the 
inviscid  flow  model  to  accurately  model  the  interaction  between  the  blade  tips  and 
the  shroud  boundary  layer.  The  highest  thrusts  and  efficiencies  were  also  predicted 
with  uniform  and  with  tip-biased  loading  distributions. 

In  designing  the  fan-in-fin  for  the  Sikorksy  S-67  helicopter  in  the  early  1970s, 
Clark  [84]  used  a  potential-flow  method  originally  developed  for  fan-in-wing  ap¬ 
plications,  combined  with  a  boundary-layer  analysis  to  check  for  the  existence  of 
separation.  The  potential-flow  method  involved  a  superposition  of  three  basic  solu¬ 
tions  —  those  of  (1)  a  ‘closed’  or  blocked  duct  in  axial  flow,  (2)  an  ‘open’  duct  in 
axial  flow,  and  (3)  an  open  duct  in  cross  (edgewise)  flow  —  to  simulate  the  flow  at 
any  thrust  level  and  angle  of  attack.  The  predictions  of  power  consumption,  sur- 
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face  pressure  distributions  and  inflow  velocity  distributions  from  this  model  agreed 
extremely  well  with  experimental  measurements. 

In  1991,  Wright  et  al.  [86]  described  a  model  “based  on  a  momentum  ap¬ 
proach”  used  in  the  design  of  the  H-76  FANTAIL,  which  seems  to  essentially  consist 
of  a  fixed  augmentation  factor  (Ttotal /Trotor ,  set  equal  to  2.0)  multiplying  the  pre¬ 
dictions  of  the  GenHcl  code  for  rotor  thrust  as  a  function  of  collective.  The  same 
year,  DeCampos  [143]  gave  a  review  of  the  analytical  methods  used  in  the  design 
of  marine  ducted  propellers,  and  presented  a  three-dimensional  theoretical  analysis 
of  the  steady  interaction  between  a  ducted  propeller  and  a  radially  and  circumfer¬ 
entially  sheared  axial  inflow.  In  1996,  Page  [144]  presented  a  blade-element-based 
algorithm  for  designing  and  analyzing  contra-rotating  or  single-rotor/single-stator 
ducted  fans.  However,  the  algorithm  does  not  account  for  the  effects  of  the  blade 
tip  gap,  requiring  an  empirical  correction  factor,  nor  does  it  include  any  predictions 
of  the  force  (thrust)  on  the  duct  itself. 

In  1998,  as  part  of  the  aeroservoelastic  model  developed  for  handling  qualities 
analysis  of  the  RAH-66  Comanche,  Kothmann  and  Ingle  [88]  presented  an  “analytic 
model  for  the  dynamic  thrust  response  of  a  ducted  rotor,  which  captures  the  effects 
of  high-speed  edgewise  flight  and  high-frequency  blade  pitch  inputs” .  The  model  is 
of  the  BEMT-type,  developed  for  axial  flow  as  well  as  flow  at  an  angle  of  attack, 
and  with  additional  terms  to  account  for  unsteady  inflow  effects.  The  formulation 
of  the  model  is  for  the  special  case  of  a  constant  area  duct  (crd  =  1.0),  and  so 
the  expansion  ratio  does  not  appear  explicitly  in  it.  This  correction,  as  well  as 
other  improvements  and  enhancements,  were  made  in  a  similar  model  developed 
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by  Basset  and  Brocard  [33]  in  2004  for  the  flight  dynamics  analysis  of  fenestron- 
eqnipped  helicopters  like  the  Dauphin. 

In  2000,  Bourtsev  and  Selemenev  [92]  presented  a  computational  method  de¬ 
veloped  at  the  Kamov  company  during  the  development  of  the  fan-in-fin  of  the  Ka-60 
helicopter.  Their  method  used  momentum  theory  for  modeling  the  global  effect  of 
the  shroud  on  the  system,  and  blade-element-vortex  theory  for  calculation  of  the 
blade  loads.  Empirical  correction  factors  were  used  for  the  pressure  losses  due  to 
flow  through  the  shroud,  as  well  as  for  the  effects  of  the  shroud  geometric  parameters 
-  lip  radius,  blade  tip  clearance,  diffuser  angle,  diffuser  length  —  in  both  positive 
and  reverse  thrust  conditions.  The  effect  of  the  blade  tip  gap  on  the  blade  loads  is 
accounted  for  via  a  ‘Prandtl-Shaidakov  factor’,  which,  like  the  Goodman  correction 
factor  [141],  reduces  to  the  regular  Prandtl  tip-loss  correction  factor  for  an  open 
rotor  when  the  tip  ‘gap’  becomes  infinitely  large.  Extremely  good  agreement  was 
achieved  between  the  predictions  of  this  method  and  experimental  test  data. 

In  2003,  Guerrero  et  al.  [145]  developed  a  code  called  AVID-OAV  for  “the 
design  and  analysis  of  ducted-fan  VTOL  UAVs”.  In  this  model,  the  shroud  and  ro¬ 
tor  aerodynamics  are  considered  separately,  and  their  solutions  superimposed.  The 
shroud  is  modeled  as  an  annular  airfoil,  and  its  characteristics  in  a  freestream  flow 
derived  by  interpolation  from  the  wind-tunnel  measurements  made  by  Fletcher  in 
1957  [26].  The  rotor  is  modeled  as  either  an  actuator  disk,  or  with  thrust/power/efficiency 
data  from  a  “propulsive  performance  map”  that  is  obtained  using  a  separate  blade- 
element- vortex  analysis.  As  in  the  case  of  Wright  et  al.  [86],  it  is  unclear,  however, 
how  the  influence  of  the  shroud  on  the  performance  of  the  rotor  is  modeled,  espe- 
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cially  since  even  the  expression  presented  in  this  reference  for  the  induced  velocity 
in  the  shroud  is  actually  the  special-case  formula  for  an  open  rotor,  with  no  mention 
of  the  expansion- ratio  factor.  Nonetheless,  the  predictions  for  the  forward  flight 
performance  of  the  Allied  Aerospace  29-inch  iSTAR  vehicle  match  fairly  well  with 
the  wind-tunnel  data  for  that  aircraft. 

In  2004,  Quackenbush  et  al.  [146]  used  the  CHARM  (Comprehensive  Hierar¬ 
chical  Aeromechanics  Rotorcraft  Model)  code,  which  uses  a  free-wake,  potential-flow 
model  for  the  rotor  and  lifting  panel  model  for  fuselages  and  other  bodies,  to  analyze 
shrouded-rotor  configurations  for  UAV  applications.  Good  agreement  was  achieved 
between  their  predictions  and  previously  published  experimental  data  on  both  an¬ 
nular  airfoils  (shroud-only)  [26]  and  the  X-22A  shrouded  propellers  [75],  but  only  in 
the  pre-stall  region.  For  capturing  viscous  effects  and  modeling  post-stall  behavior, 
the  RSA3D  code  was  used,  which  showed  varying  agreement  with  the  experimental 
data. 

1.4. 4. 2  Computational-Fluid-Dynamics  methods 

Blade  element  and  momentum  methods  are  useful  for  approximate  compar¬ 
isons  with  experiments  and  for  predicting  upper  limits  of  performance,  but  cannot 
represent  the  geometric  characteristics  of  the  shroud,  unless  empirical  correction 
factors  are  used.  Potential  flow  methods  can  address  this  issue,  but  because  of  their 
inherent  assumptions  —  inviscid,  irrotational  and  incompressible  flow  —  cannot 
predict  friction  drag  and  stall  characteristics  [147].  For  these  reasons,  and  with  the 
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advances  in  computing  power,  CFD-based  approaches  have  assumed  a  prominent 
role  in  the  design  and  analysis  of  shrouded  rotors. 

At  Aerospatiale  [93],  early  performance  estimations  and  initial  sizing  of  fen- 
estrons  were  obtained  by  BEMT  methods,  while  detailed  analysis  of  the  effects  of 
the  shape  of  the  shroud  was  conducted  using  a  code  called  METRAFLU  which 
combined  CFD  with  table  look-ups  for  blade  airfoil  characteristics.  This  reference 
shows  comparisons  of  the  predictions  of  this  code  and  those  of  the  BEMT  method 
with  fenestron  test  measurements  of  thrust,  power,  inflow  velocity  distributions  and 
shroud  surface  pressure  distributions. 

In  1989,  Rajagopalan  and  Zhaoxing  [147]  performed  a  CFD  analysis  to  com¬ 
pare  the  performances  and  flow-fields  of  a  shrouded  and  an  open  propeller  in  axial 
flow,  in  which  the  propeller  was  modeled  by  time-averaged  momentum  sources. 
Their  code  was  also  used  later  in  the  detailed  design  of  the  RAH-66  Comanche’s 
FANTAIL  [87].  A  coupled  CFD  analysis  of  the  entire  Comanche  fuselage,  with  the 
FANTAIL  rotor  modeled  either  as  an  actuator  disk  or  with  a  blade-element  model, 
was  described  in  2003  by  Alpman,  Long  and  Kothmann  [89-91,  148].  An  improved 
momentum  source  model,  coupled  with  the  OVERFLOW-D  mesh  solver,  was  used 
by  Nygaard  et  al.  [120]  in  2004  for  modeling  the  FANTAIL.  This  reference  provides 
detailed  comparisons  with  experimental  data  and  with  a  more  accurate,  but  also 
more  computationally-intensive,  discrete-blade  CFD  model  used  earlier  by  Ruzicka, 
Strawn  and  Meadowcroft  [149,  150].  The  analysis  shows  how  reducing  the  blade  tip 
clearance  reduces  the  leakage  flow  and  the  size  of  the  reversed-flow  zone  at  the  shroud 
wall,  resulting  in  increased  system  thrust  and  figure  of  merit,  and  also  demonstrates 
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the  sensitivity  of  the  predicted  shroud  thrust  to  accurate  modeling  of  the  effect  of 
the  blade  tip  clearance.  In  this  region,  the  flow  is  three-dimensional,  and  the  appli¬ 
cability  of  2-D  airfoil  tables  “becomes  questionable.”  Both  the  momentum-source 
and  discrete-blade  models  show  the  flow  separating  at  the  shroud  wall  slightly  up¬ 
stream  of  the  rotor,  due  to  the  tip  vortices  lifting  the  flow  away  from  the  wall,  and 
the  prevention  of  the  flow  from  re-attaching  downstream  of  the  rotor  due  to  the 
adverse  pressure  gradient  in  the  diffuser.  The  importance  of  realistic  3-D  tip  mod¬ 
eling  was  also  demonstrated  in  2003  by  Lee,  Kwon  and  Joo  [121],  who  performed  a 
CFD  analysis  of  the  Kamov  Ka-60  fan-in-fin,  and  showed  closer  agreement  with  the 
experimental  results  than  did  the  analytical  model  of  Bourtsev  and  Selemenev  [92] 
described  earlier. 

In  2004,  Ahn  and  Lee  [115,  151]  used  a  CFD  model  of  a  representative  fan- 
in-fin  tail  rotor  in  axial  flow  to  parametrically  investigate  the  effects  of  varying 
the  inlet  lip  radius,  diffuser  angle  and  rotor  radial  ‘strength’  distribution.  The 
CFD  methodology  was  an  extension  of  the  ISES  code  developed  in  the  1980s  by 
Drcla  and  Giles  [152],  and  the  rotor  was  modeled  as  an  axisymmetric  actuator  disk, 
but  with  radially  varying  strength  distributions.  At  fixed  thrust  and  freestream 
velocity  (sideways  flight  for  the  helicopter),  increasing  9 d  from  8°  to  12°  caused  a 
1%  reduction  in  power;  increasing  rup  from  4.75%Dt  to  7.5 %Dt  caused  the  power 
required  to  decrease  by  less  than  0.1%;  and  changing  the  rotor  strength  distribution 
from  a  uniform  one  to  one  that  has  increasing  strength  towards  the  blade  tips  - 
corresponding  to  less  blade  twist  and  greater  blade  pitch  angles  at  the  tip  than 
would  be  obtained  with  an  ideal  twist  distribution  —  caused  a  7%  reduction  in 
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power,  “by  facilitating  the  expansion  of  the  fan  duct  flow,”  and  also  less  sensitivity 
to  losses  due  to  the  blade  tip  gap. 

Aeroelastic  stability  and  blade-flutter  analyses  for  ducted  fans,  as  used  in 
aircraft  engine  and  turbomachinery  applications,  were  developed  in  the  late  1990s 
by  Srivastava  et  al.  [153],  Keith  and  Srivastava  [154]  and  Srivastava  and  Reddy  [155]. 
In  these  analyses,  which  used  the  unsteady  Euler  equations  for  modeling  the  flow, 
only  the  blades  were  considered  elastic,  while  the  hub  and  the  duct  were  considered 
rigid.  In  that  same  time  period,  Elena  and  Schiestel  [156]  and  Randriamampianina 
et  al.  [157]  presented  models  for  the  prediction  of  transitional  and  turbulent  flow 
inside  shrouded  rotor-stator  systems,  taking  into  account  the  effects  of  rotation  on 
turbulence. 

1.4.5  Other  shrouded-rotor  research 

This  section  briefly  describes  some  of  the  work  that  has  been  performed  on 
aspects  of  shrouded-rotor  operation  that  were  not  addressed  in  this  investigation, 
but  are  of  significant  importance  in  the  design  of  MAVs  of  this  configuration:  noise 
considerations,  detailed  analysis  of  the  physics  of  tip-clearance  flow,  aircraft  stability 
and  control  considerations,  and  the  aerodynamics  of  annular  wings. 

1.4. 5.1  Noise  considerations 

In  1950,  Hubbard  [119]  took  sound  measurements  on  five  shrouded  propellers 
in  static  conditions,  as  well  as  on  the  unshrouded  (open)  propeller.  The  maximum 
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total  sound  pressure  produced  by  the  shrouded  propellers  varied  from  approximately 
one-half  to  two  times  as  much  as  that  for  the  open  propeller,  depending  on  whether 
the  flow  at  the  shroud  surface  was  attached  or  separated,  respectively,  at  the  inner 
surface  of  the  shroud  inlet.  The  models  were  tested  on  an  outdoor  setup,  and 
although  nominally  static  conditions  were  tested,  it  was  found  that  crosswinds  and 
tailwinds  caused  the  flow  to  separate  more  easily,  whereas  headwinds  helped  the 
flow  stay  attached.  Low  propeller  rotational  speeds  also  led  to  the  flow  separating. 
In  attached  flow  conditions,  noise  levels  increased  with  increasing  tip  speed,  just 
as  for  an  unshrouded  propeller,  and  with  increasing  blade  tip  clearance.  Increasing 
the  number  of  blades  decreased  the  noise  levels,  also  as  for  an  unshrouded  propeller, 
because  of  the  increase  in  the  fundamental  frequency  (at  the  same  rotational  speed). 
Increasing  the  length  of  the  shrouds  had  no  significant  effect  on  the  noise  levels. 

In  1971,  Drisc-hler  [158]  performed  analytic  studies  of  sound  pressures  inside 
the  shroud  of  a  shrouded  propeller  in  axial  flight,  by  modeling  the  propeller  disk  as  a 
distribution  of  rotating  acoustic  pressure  doublets,  and  the  shroud  and  centerbody 
as  infinite  coaxial  circular  cylinders.  The  purpose  of  this  study  was  “to  develop 
criteria  for  light-weight  structures  of  sufficient  acoustic- fatigue  life,  particularly  in 
the  critical  region  near  the  propeller  disk.”  The  effects  of  varying  the  propeller 
loading,  loading  distribution,  tip  clearance,  tip  speed,  freestream  velocity  and  hub- 
tip  ratio  were  analyzed.  The  analysis  showed  that  for  a  fixed  torque  and  total  thrust, 
increasing  the  freestream  Mach  number  or  decreasing  the  tip  gap  by  “only  a  few 
percent”  caused  up  to  6-dB  increases  in  sound  pressures  in  the  vicinity  of  the  blade 
tips,  but  “insignificant  variations  at  distances  greater  than  about  one  duct  radius 
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from  the  propeller  disk,”  while  “increasing  the  hub-tip  ratio  from  0.2  to  0.5  results 
in  an  increase  in  sound-pressure  level  of  approximately  2  dB  to  3  dB  throughout 
the  duct.”  The  increase  in  sound  pressures  with  decreasing  tip  gap  agreed  with  the 
earlier  experimental  results  of  Fricke  et  al.  [159],  who  had  tested  gap  sizes  of  0.375 
and  1.5  inches  on  a  modified,  full-scale  model  of  the  X-22A  shrouded  propeller. 

At  Aerospatiale,  tests  on  fenestron  tail  rotors  [29]  in  the  mid-1980s  showed 
increases  in  noise  levels  with  increasing  blade  collective,  and  also  faster  attenuation 
of  noise  with  distance  compared  to  that  for  a  conventional  tail  rotor.  This  occurred 
because  the  fundamental  frequencies  of  the  fenestron  noise  were  higher  by  approx¬ 
imately  an  entire  order  of  magnitude,  and  was  clue  partly  to  the  higher  number  of 
blades  in  the  fenestron,  and  partly  to  the  interaction  between  the  rotating  blades 
and  the  non-rotating  support  struts.  This  blade-strut  interaction  was  found  to  be 
the  main  origin  of  fan-in-fin  noise.  An  increase  in  the  spacing  between  the  rotor  and 
the  support  struts  by  6  cm  (approximately  5.5%Ht)  caused  a  rapid  reduction  in  the 
noise  levels  —  by  up  to  10  dB  for  the  40°-collcctive  case  —  to  the  same  level  as  the 
case  with  no  support  struts  at  all.  The  masking  effect  of  the  shroud  itself  resulted 
in  a  5-6-dB  reduction  in  in-plane  noise.  Reference  [29]  also  stated  that  “a  simple 
theoretical  model  has  been  established  which  provides  good  acccount  of  the  general 
trend  of  fan-in-fin  rotational  noise  evolution  with  rotor  speed,  blade  pitch  setting, 
blade/support  spacing  and  support  shapes,”  but  provided  no  further  information 
about  this  model. 

Riley  [81]  and  Andrews  et  al.  [80]  reported  on  tests,  conducted  at  Bell  Heli¬ 
copter  Textron  in  the  mid-1990s,  of  the  effects  of  uneven  blade  spacing  on  shrouded 


tail  rotor  acoustics.  Tests  were  conducted  on  a  4-bladed  evenly-spaced  rotor,  two 
4-bladed  scissors  rotors  with  70°  110°  and  55°  125°  spacings,  a  5-bladed  evenly-spaced 
rotor,  and  three  5-bladed  rotors  with  different  amounts  of  sinusoidally-modulated 
spacings.  This  last  concept  “re-distributes  the  energy  of  a  single  tone  over  a  number 
of  discrete  frequencies,  . . .  reducing  the  amplitude  of  each  blade  passage  frequency 
harmonic  and  producing  a  more  broadband-like  spectrum,”  which  reduces  the  per¬ 
ceived  annoyance,  and  had  been  previously  used  with  success  in  radiator  fan  designs 
and  by  Eurocopter  in  the  design  of  the  EC135’s  fenestron.  Also  tested  were  different 
rotor  solidities,  airfoils,  tip  shapes,  tip  speeds,  and  “a  number  of  duct  treatments  and 
modifications  which  included  inflow  turburlcnce,  simulated  driveshaft  and  support 
struts,  two  spinners  and  two  centerbody  fairings,  uneven  rotor-to-duct  gap,  unequal 
blade  collective  pitch,  and  reduced  duct  diffuser  exit  angle.”  The  quietest  config¬ 
uration  —  one  of  the  5-bladed  rotors  with  sinusoidally-modulated  blade  spacing, 
reduced  tip  speed  and  increased  solidity,  and  an  aft-tapered  blade  tip  —  achieved 
an  11.3  dBA  reduction  in  harmonic  noise  compared  with  the  baseline  rotor.  Of  this 
reduction,  the  sinusoidal  spacing  accounted  for  5.4  dBA,  the  aft-tapered  blade  tip 
for  0.3  dBA,  and  the  reduced  tip  speed  and  increased  solidity  together  for  5.6  dBA. 
Similarly,  the  use  of  unequal  blade  spacing  resulted  in  a  reduction  in  sound  pressure 
levels  by  approximately  4.5  dB,  compared  to  an  equally-spaced  blade  arrangement, 
in  tests  at  the  Japan  Defense  Agency’s  Technical  Research  and  Development  In¬ 
stitute  (TRDI);  this  led  to  the  adoption  of  a  55°/35°  blade-spacing  scheme  for  the 
XOH-1  helicopter’s  ducted  tail  rotor  [32], 

In  2004,  Martin  and  Boxwell  [124]  measured  the  noise  produced  by  a  10-inch- 
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diameter  shrouded-rotor  UAV  model.  Adding  the  shroud  to  the  open  propeller 
did  not  change  the  ‘rotational  noise’  —  the  harmonics  of  blade  passage  frequency, 
which  are  strongest  in  the  plane  of  the  rotor  —  but  increased  the  level  of  the  ‘broad¬ 
band  noise’,  which  is  strongest  in  the  axial  direction  (called  ‘vortex  noise’  by  Hub¬ 
bard  [119]).  Increasing  the  blade  tip  clearance  from  0.5%  to  2.0%_Dt  caused  no 
measurable  difference  in  the  acoustic  signatures.  However,  separated  flow  caused  by 
sharper  inlet  lip  radius,  and  by  a  rearward-facing  step  above  the  rotor  disk  in  one 
of  the  models,  caused  broadband  noise  levels  to  increase. 

1.4. 5. 2  Tip-gap  flow  physics 

In  1966,  Gearhart  [160]  reported  on  a  study  of  the  mechanics  of  tip  clearance 
flow  in  turbomachinery  in  an  effort  to  reduce  tip  clearance  cavitation  losses  in  marine 
shrouded  propulsors.  The  study  characterized  the  flow  patterns  associated  with 
variously-shaped  gap  configurations,  and  experimentally  examined  the  effects  on  the 
tip  clearance  flow  due  to  variations  in  the  size  of  the  clearance,  the  wall  boundary 
layer  and  the  blade  tip  loading. 

More  recently,  in  2005,  Oweis  and  Ceccio  [161]  used  particle  image  velocimetry 
(PIV)  to  examine  the  flow-held  in  the  tip  region  of  a  marine  ducted  propulsor, 
and  revealed  significant  vortical  phenomena  in  the  instantaneous  how-fields  that 
get  masked  in  the  more-common  time-averaged  measurements  of  such  hows.  In 
further  investigations,  both  PIV  and  LDV  (laser-doppler  velocimetry)  were  used 
to  determine  how  the  tip-leakage  how  varied  with  Reynolds  number  [162],  and  to 
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compare  this  flow  with  the  tip  vortices  formed  on  an  unducted  (open)  rotor  [163]. 
The  presence  of  the  duct  was  found  to  reduce  the  strength  of  the  primary  tip  vortex, 
relative  to  the  other,  secondary  vortices  in  the  tip-flow  region,  but  the  radius  of  its 
core  did  not  vary  substantially  between  the  ducted  and  open  cases.  The  strength 
and  core  size  were  only  weakly  dependent  on  the  Reynolds  number  —  within  the 
range  tested  in  this  study  (0.7  x  106-9.2  x  106)  —  and  the  core  size  was  found  to 
be  on  the  same  order  as  the  tip  clearance  (0.26  in,  0.77 %Dt). 

1.4. 5. 3  Shrouded-rotor  UAV  stability  and  control 

A  number  of  investigations  have  addressed  the  topic  of  the  stability  and  con¬ 
trol  of  shrouded-rotor  UAVs.  In  1988,  Weir  [35]  presented  a  sizing  analysis  for 
traditional,  aft-mounted  control  vanes,  compared  the  relative  merits  of  split  vanes 
(flapped  stators)  versus  all-moving  vanes,  and  presented  experimental  data  showing 
the  effectivness  of  the  vanes  in  hover.  In  2003,  Fleming  et  al.  [34,  94],  as  described 
earlier,  tested  a  UAV  model  with  control  vanes  as  well  as  with  seven  other  auxiliary 
control  devices,  and  presented  data  comparing  their  effectiveness  in  hover  and  in 
crosswind  conditions.  In  2004,  Sirohi  et  al.  [23]  tested  flat-plate  and  circular-arc 
vanes  on  a  6-inch- diameter  rotor,  in  both  the  shrouded  and  unshrouded  conditions, 
and  found  that  the  vanes  produced  more  anti-torque  moment  when  the  shroud  was 
present  than  when  it  was  not.  As  would  be  expected,  the  curved  vanes  produced 
more  anti-torque  than  the  flat  ones,  and  were  able  to  completely  neutralize  the 
torque  produced  by  the  rotor.  The  power  penalty  due  to  the  need  to  overcome  the 
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download  on  the  vanes  was  approximately  10%  for  both  the  open  and  shrouded 
rotors. 

In  2001,  as  an  alternative  to  the  mechanical  complexity  of  cyclic  rotor  control 
mechanisms,  Kondor  and  Heiges,  Kondor  et  al.,  and  Fung  and  Amitay  [126-128] 
advocated  using  active  flow  control  devices  for  vehicle  control,  citing  mechanical 
simplicity,  a  minimum  of  moving  parts  and  a  potential  reduction  in  weight  as  ad¬ 
vantages  of  this  approach.  In  tests  on  an  11-inch-diameter  model,  combinations  of 
tangential  and  normal  blowing  on  the  inner  diffuser  wall,  near  the  exit,  resulted 
in  the  ability  to  generate  pure  sideforces  in  hover,  without  any  pitching/rolling 
moment  [126].  Such  pneumatic  circulation  control  requires  an  on-board  source  of 
compressed  air,  which  is  not  feasible  for  a  small  UAV.  Therefore,  the  use  of  synthetic 
jets,  which  require  only  small  amounts  of  fluid  momentum  flux  for  their  operation, 
was  investigated,  with  a  series  of  such  devices  embedded  in  the  fixed  stator  vanes  of 
the  model  [127,  128]  .  The  operation  of  these  devices  is  binary  in  nature,  causing 
the  flow  to  be  completely  attached  or  completely  separated,  resulting  not  only  in 
a  much  simpler  on/off  control  scheme,  but  also  a  means  for  avoiding  the  “unpre¬ 
dictable  flow  separation  and  attachment  tendencies  of  thick  laminar  boundary  layers 
at  low  Reynolds  numbers.”  With  these  devices,  successful  yaw  control  was  achieved, 
but  significant  coupling  occurred  between  the  pitch  and  roll  control  moments. 

Finally,  mathematical  models  of  the  dynamics  of  shrouded-rotor  UAVs  have 
been  developed  in  recent  years  by  Avanzini  et  al.  [164-166]  and  Salluce  [167]. 
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1.4. 5. 4  Behavior  of  annular  wings 


The  aerodynamic  characteristics  of  annular  wings  (‘unpowered  shrouds’)  have 
been  studied  by  Fletcher  [26],  who  measured  the  lift,  drag  and  pitch  moment  on 
five  different  annular  airfoils,  and  Lipera  [27],  who  experimentally  compared  the  lift 
characteristics  of  powered  and  unpowered  shrouds. 

1.5  Low-Reynolds-number  rotor  aerodynamics 

While  this  investigation  has  focused  on  the  design  of  the  shroud  for  a  shrouded- 
rotor  MAV,  an  awareness  of  the  aerodynamics  of  the  rotor  itself  in  this  Reynolds- 
number  regime  is  of  obvious  importance.  The  influence  on  MAV  performance  of 
rotor  parameters  such  as  blade  aspect  ratio,  twist  and  taper  distributions,  tip 
shape,  airfoil  shape,  solidity,  number  of  blades,  collective  angle  and  rotational 
speed  have  been  investigated  by,  among  others,  Samuel  et  al.  [17],  Bohorquez  and 
Pines  [12,  16,  19,  22,  168,  169],  Hein  and  Chopra  [20,  170]  and  Ramasamy  et 
al.  [24],  Flow- visualization  studies  using  particle  image  velocimetry  (PIV)  have  also 
been  conducted  by  Ramasamy  et  al.  [24,  171]  with  a  view  to  obtaining  a  better 
understanding  of  the  physics  of  the  flow  around  rotating  wings  at  these  small  scales. 
2-D  and  3-D  CFD  studies  of  airfoils  at  low  Reynolds  numbers,  using  the  OVER¬ 
FLOW  and  TURNS  codes  with  a  low-Mach  pre-conditioner,  have  been  conducted 
by  Schroeder  and  Baeder  [172,  173]. 
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1.6  Objectives  and  approach  of  current  research 


As  can  be  seen  from  the  preceding  survey  of  the  literature  on  the  subject  of 
shrouded  rotors,  a  considerable  amount  of  work,  both  experimental  and  theoretical, 
has  been  performed  in  this  area.  However,  the  data  that  are  available  from  these 
investigations  are  predominantly  from  tests  of  rotors  with  diameters  from  one  to 
seven  feet,  typically  operating  at  blade  tip  Reynolds  numbers  on  the  order  of  105 
to  106  and  higher.  Rotary-wing  MAVs,  on  the  other  hand,  operate  in  the  laminar 
flow  regime,  with  tip  Reynolds  numbers  on  the  order  of  104,  where  viscous  effects 
become  dominant  and  the  flow  separates  much  more  readily  in  the  face  of  adverse 
pressure  gradients.  Traditional  design  philosophies  —  rules-of-thumb  for  the  optimal 
values  of  different  shroud  parameters  —  based  on  experience  with  larger-scale  ducted 
propellers,  while  instructive  in  terms  of  indicating  possible  starting  points  for  design, 
may  or  may  not  apply  to  MAVs  as  well.  Although  this  flight  regime  has,  in  recent 
years,  become  a  burgeoning  area  of  aerodynamics  research,  and  some  testing  has 
been  done  on  smaller,  near-MAV-scale  models,  yet,  the  data  are  not  comprehensive, 
and  compared  to  the  collective  experience  with  aerodynamic  phenomena  at  both 
much  higher  (and  also  much  lower)  Reynolds  numbers,  there  is  still  much  that 
is  not  known  about  the  physics  of  the  flow  at  this  particular  scale.  In  many  of 
the  research  programs  conducted,  at  both  MAV-  and  larger  scales,  vital  pieces  of 
information  are  lacking,  such  as  the  power  consumption  of  the  shrouded  rotors, 
or  direct  comparisons  between  the  shrouded  and  unshrouded  (‘open’)  versions  of 
the  same  rotor,  or  the  effects  of  rotor  tip  speed  and  blade  pitch  angle.  In  many 
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cases,  more  than  one  parameter  value  was  changed  between  the  different  models 
tested,  and  so  it  is  not  possible  to  say  with  certainty  which  particular  parameter 
was  primarly  responsible  for  the  differences  in  the  test  results  obtained.  Even  in  the 
cases  where  strictly  a  single  parameter  value  was  changed,  the  results  obtained  varied 
between  the  different  test  programs  conducted.  This  indicates  that  the  changes  in 
the  performance  characteristics  also  depended  on  the  values  of  the  other,  unchanged 
parameters  —  which  includes  the  size  of  the  model  itself,  as  well.  And  finally, 
predictive,  computational  tools,  while  immensely  useful  in  reducing  the  amount  of 
experimental  testing  that  must  be  performed  in  designing  an  aircraft,  are  themselves 
hampered  by  difficulties  in  modeling  flow  separation  phenomena,  which  is  of  critical 
importance  in  this  low-Re  regime. 

All  of  these  factors  point  to  the  need  for  an  extensive,  systematic  investiga¬ 
tion,  at  low  Reynolds  numbers,  of  the  effects  of  varying  the  different  shrouded-rotor 
design  parameters  on  the  hover  and  translational-flight  characteristics  of  aircraft  of 
this  configuration.  Such  an  investigation  has  been  carried  out,  and  is  described  in  the 
following  chapters  of  this  dissertation.  The  goal  of  this  research  program  was  two¬ 
fold:  first,  to  investigate  the  improvements  in  performance  that  are  achievable  from 
using  the  shrouded-rotor  configuration  for  micro  air  vehicles;  and  second,  to  acquire 
a  body  of  experimental  data  that  could  be  used  for  the  validation  of  analytical,  pre¬ 
dictive  tools,  and  as  guidelines  in  the  design  of  more  efficient,  more  capable  MAVs. 
Chapter  2  describes  the  experimental  setup  used  in  conducting  this  investigation, 
and  gives  the  details  of  the  various  shrouded-rotor  models  tested.  Chapter  3  presents 
the  results  obtained  from  the  tests  of  these  models  in  the  hover  condition,  wherein 
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measurements  were  made  of  the  performance  variables  (thrust  produced,  power  con¬ 
sumed)  as  well  as  of  the  pressure  distributions  over  the  shroud  surfaces  and  the  axial 
velocity  distributions  in  the  wakes  of  the  models.  Chapter  4  presents  the  results  ob¬ 
tained  from  the  wind-tunnel  tests  of  the  open  rotor  and  one  of  the  shrouded-rotor 
models,  at  angles  of  attack  from  axial  flow  to  edgewise  flow,  and  at  various  freestream 
velocities.  In  those  tests,  measurements  were  made  of  thrust,  power,  pitch  moment, 
normal  force,  and  shroud  surface  pressure  distributions.  Chapter  5  presents  trade 
studies,  based  on  the  results  obtained  in  this  research,  to  determine  whether  it  is 
worthwhile  to  choose  the  shrouded-rotor  configuration  for  the  design  of  a  hover- 
capable  micro  air  vehicle.  Chapter  6  summarizes  the  work  and  presents  concluding 
remarks  and  suggestions  for  future  work.  Appendix  A  contains  detailed  derivations 
of  the  momentum-theory  and  combined  blade-element-momentum-theory  models 
for  a  shrouded  rotor,  and  Appendix  B  presents  a  discussion  of  the  different  mea¬ 
sures  used  to  describe  the  efficiency  of  hovering  rotors,  including  reasons  why  the 
traditional  formulation  of  the  figure  of  merit  is  unsuitable  for  shrouded  rotors,  and 
proposes  a  new,  generalized  form  of  the  figure  of  merit  that  overcomes  this  limitation 
and  is  applicable  to  both  open  and  shrouded  rotors. 
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Chapter  2 


Experimental  Setup 

2.1  Shrouded-rotor  models 

For  this  test  program,  the  parameters  chosen  for  investigation  were  those  that 
were  found,  from  the  literature  on  previous  research,  to  have  the  greatest  influence  on 
shrouded-rotor  performance.  These  were  —  see  Fig.  2.1  —  the  blade  tip  clearance 
(htip),  the  inlet  lip  radius  (riip),  the  diffuser  angle  (dd),  the  diffuser  length  (Ld) 
and  the  diffuser  expansion  ratio  (crd).  In  cross-section,  the  profile  shape  chosen  for 
the  shrouds  consisted  of  a  simple  semi-circular  inlet  joined  to  a  conical  diffuser.1 
While  advanced  shroud  designs  would  have  profiles  with  smoothly  and  possibly 
non-linearly  varying  camber  and  thickness  distributions,  this  elementary  profile  was 
chosen  for  this  investigation  because  it  involved  a  finite  number  of  discrete  and  easily 
changeable  parameters,  yet  would  offer  universal  insight  into  the  behavior  of  most 
shroud  shapes. 

The  nominal  inner,  or  ‘throat’,  diameter  of  the  shrouds  ( Dt )  was  chosen  to 

be  16.0  cm  (6.3  in),  to  match  the  diameters  of  the  MAV-scale  rotors  being  tested 

in  other  investigations  at  the  Alfred  Gessow  Rotorcraft  Center,  which  ranged  from 

15.2  cm  to  17.4  cm  [12,  16,  17,  19,  20,  22,  23,  168-170],  to  facilitate  comparisons  with 

the  results  of  these  other  research  efforts.  The  outer  dimensions  of  the  shrouds,  upon 
1For  these  shrouds,  therefore,  the  shroud  chord  cs  =  ri;p  +  Ld. 
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Figure  2.1:  Principal  shroud  parameters  affecting  shrouded-rotor  performance: 
diffuser  included  angle  (0d),  diffuser  length  (Ld),  inlet  lip  radius  (nip),  blade  tip 

clearance  (<5tiP) 


which  depend  the  maximum  values  of  lip  radius,  diffuser  length  and  diffuser  angle, 
were  constrained  by  the  size  of  the  equipment  used  to  manufacture  the  shrouds 
and  by  the  available  sizes  of  the  raw  material  from  which  the  shrouds  were  made. 
Since  a  large  number  of  differently-shaped  shrouds  were  to  be  built  and  tested,  the 
fabrication  of  the  shrouds  from  composite  materials  was  not  an  option,  as  this  would 
require  the  manufacture  of  multiple  tooling  molds  and  was  therefore  prohibitive 
from  time  and  cost  standpoints.  Instead,  a  machineable,  low-density,  polyurethane 
prototyping  foam2  was  used.  The  shrouds  (Figs.  2.2,  2.3)  were  machined  on  a  lathe, 
coated  with  a  latex-based  filler  to  seal  their  surfaces,  and  then  coated  with  several 
layers  of  spray-on  polycrylic  and  extensively  sanded  to  a  smooth  finish.  Attachment 
to  the  rotor  centerbody  structure  was  accomplished  by  two  sets  of  four  support 

struts  and  a  center  support  bracket.  The  struts  were  brass  tubes  with  a  diameter 

2LAST-A-FOAM®  FR-6704,  produced  by  the  General  Plastics  Manufacturing  Company 
(http:  / /www. generalplastics.com/) . 
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Figure  2.2:  Shrouded-rotor  models 


of  3/32  in  (2.34  mm),  and  were  attached  to  the  shroud  by  delrin  inserts  placed  in 
the  shroud  wall.  The  inserts  had  a  collar  which  rested  against  the  external  shroud 
surface,  and  were  held  in  place  by  the  tension  between  diametrically  opposite  struts. 
Set-screws  were  used  to  make  the  majority  of  the  connections  between  the  various 
components  of  the  models. 

The  objective  of  this  study  was  to  systematically  investigate  each  of  the 
shrouded-rotor  parameters,  along  with  their  mutual  ‘interference’  or  coupling  ef¬ 
fects  on  each  other,  instead  of  focusing  on  a  single  parameter.  Consequently,  in 
order  to  limit  the  test  matrix  to  a  manageable  size,  only  a  few,  broadly-spaced  val¬ 
ues  of  each  parameter  could  be  tested.  Three  shrouds  were  fabricated,  each  with 
a  different  inlet  lip  radius  and  a  different  diffuser  angle.  By  separating  the  inlet 
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Figure  2.3:  Close-up  view  of  shrouded-rotor  model  LR13-D20 


and  diffuser  sections,  and  ‘mixing  and  matching’  them,  nine  different  shroud  mod¬ 
els  were  obtained.  The  values  chosen  for  the  lip  radii  and  diffuser  included  angles 
were  6 %Dt,  9 %Dt  and  13%_Dt,  and  0°,  10°  and  20°,  respectively.  These  values  were 
chosen  to  span  the  ranges  tested  by  previous  investigations  of  shrouded  rotors,  and 
subject  to  the  constraints  described  above.  The  values  of  lip  radius  were  biased  to 
the  upper  end  of  the  range,  based  on  the  reasoning  that  rotary- wing  MAVs  would  be 
optimized  more  for  efficient  hover  performance  than  for  high  cruise  speeds.  Owing  to 
variability  in  the  manufacturing  process,  the  actual  dimensions  of  the  finished  mod¬ 
els  were  Dt  =  15.9  cm,  rlip  =  6.48%.Dt,  8.99%Ht  and  13.1%Ht  (1.03  cm,  1.43  cm 
and  2.08  cm,  respectively),  and  9d  =  0°,  9.70°  and  20.22°.  All  nine  shrouds  had 
diffuser  sections  with  a  length  of  72 %Dt  (11.5  cm,  4.5  in).  To  test  the  effect  of 
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varying  diffuser  length,  the  10-degree  diffuser  was  cut  into  three  sections  to  obtain 
shorter  diffusers  with  lengths  of  31%  and  50 %Dt,  and  these  were  tested  with  the 
1 3% Dt- 1  i p-radius  inlet.  The  final  parameter,  blade  tip  clearance,  was  tested  by  using 
rotors  of  different  diameters  to  obtain  clearances  of  0.1%-1.6%_Dt  (0.15-2.50  mm, 
0.006-0.100  in).  The  reductions  in  the  rotor  radius  —  by  up  to  2.85  mm  (3.6%-R)  - 
were  small  enough  that  there  was  insignificant  difference  between  the  performances 
of  the  (open)  rotors. 

Thus,  in  addition  to  the  open  rotor  itself,  a  total  of  seventeen  different  shrouded- 
rotor  models  were  tested,  using  eleven  different  shroud  profiles.  For  ease  of  reference 
in  the  following  discussions,  the  models  are  identified  with  labels  of  the  form  ‘LRx- 
Dy-fe-Lw’,  where  ‘x’  is  the  nominal  inlet  lip  radius,  expressed  as  a  percentage  of  the 
shroud  throat  diameter  (Dt),  ‘y’  is  the  nominal  diffuser  included  angle,  expressed 
in  degrees,  V  is  the  blade  tip  clearance,  expressed  in  %Dt,  and  ‘w’  is  the  diffuser 
length,  also  in  units  of  %Dt.  An  absence  of  the  ‘L’  suffix  in  the  model  name  in¬ 
dicates  that  the  shroud  had  the  default  diffuser  length  of  72 %Dt.  The  complete 
matrix  of  test  models  is  shown  in  Table  2.1.  Table  2.2  lists,  for  each  of  the  diffuser 
profiles  tested,  the  values  of  the  corresponding  expansion  ratio  and  the  values  pre¬ 
dicted  by  momentum  theory  for  Trotor/Ttotal,  Tsr/T0r  and  Pi(SR)/Pi(OR),  calculated 
using  Equations  1.5  (A. 17),  A. 27  and  A. 28,  after  correction  for  the  blockage  by  the 
rotor  hub.  This  matrix  of  models  enabled  comparison  of  data  from  multiple  series 
of  models  for  each  of  the  shroud  parameters.  For  example,  for  testing  the  effect 
of  changing  lip  radius,  data  were  available  from  a  series  of  models  with  a  diffuser 
angle  of  0°,  from  another  series  of  models  with  =  10°,  and  yet  another  with  = 
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Table  2.1:  Matrix  of  shrouded-rotor  models  tested  in  hover,  indicating  models  for 
which  surface-pressure  measurements  (P)  and  wake  measurements  (W)  were  also 

made. 

Lip  Radius  Diffuser  Included  Angle 

D00  DIO  D20 


Models  with  the  default  diffuser  length  (L72) 


LR06 

50.6  (P) 

50.1 

50.1  (P) 

LR09 

50.6  (P) 

50.6 

50.1  (P) 

50.5 

LR13 

50.6 

50.1  (P,W) 

50.1  (P) 

50.6  (P,W) 

50.6  (P) 

50.8  (P) 

Models  with  reduced  diffuser  lengths 
LR13  50.1-L50  (P,W) 

50.1-L31  (P,W) 

50.8-L31  (P,W) 

51.6-L31  (P,W) 

20°.  In  each  series,  all  variables  are  held  constant  except  for  the  shroud  parameter 
of  interest.  However,  as  mentioned  previously,  because  the  values  of  these  other 
parameters  do  change  from  one  series  to  the  other,  their  interference  or  coupling 
effects  cause  the  effects  of  the  parameter  of  interest  to  be  seen  to  different  degrees 
in  each  of  the  different  series. 

Of  the  seventeen  models,  thirteen  were  instrumented  with  pressure  taps  - 
up  to  nine  over  the  inlet  lip  and  up  to  nine  over  the  diffuser  inner  surface  —  to 
measure  the  pressure  variation  along  the  shroud  surface.  The  tubing  used  for  the 


112 


Table  2.2:  Momentum  theory  predictions 


Diffuser 

Expansion 

Expansion  ratio, 

-^rotor  / 

Tsr/Tor 

Pi,SR/Pi,OR 

model 

ratio  (cr|) 

corrected  (od) 

-^total 

(at  same  A,  Pi) 

(at  same  A,  T) 

D00 

1.000 

1.033 

0.48 

1.27 

0.70 

D10-L31 

1.113 

1.150 

0.43 

1.32 

0.66 

D10-L50 

1.184 

1.224 

0.41 

1.35 

0.64 

D10 

1.269 

1.311 

0.38 

1.38 

0.62 

D20 

1.575 

1.628 

0.31 

1.48 

0.55 

pressure  taps  had  an  inner  diameter  of  0.0650  in  (AWG16)  and  an  outer  diameter 
of  0.0875  in.  The  taps  were  staggered  in  azimuth,  i.e.,  around  the  circumference  of 
the  shroud,  over  a  range  of  approximately  90°,  to  prevent  contamination  of  the  flow 
at  each  tap  by  the  presence  of  the  upstream  taps.  This  azimuthal  distribution  was 
possible  because  of  the  axial  symmetry  of  the  flow-held  for  a  hovering  rotor.  In  the 
‘axial’  direction,  the  taps  were  concentrated  more  closely  together  in  regions  of  the 
greatest  change  in  pressure:  on  the  inner  portion  of  the  inlet  surface  and  near  the 
blade  passage  region. 

For  the  translational-flight  tests,  only  the  open  rotor  and  a  single  shrouded- 
rotor  model  were  tested  —  again,  due  to  the  prohibitive  size  of  the  test  matrix 
that  would  have  otherwise  resulted.  This  model  was  one  of  those  that  was  found  to 
exhibit  the  best  performance  in  hover,  and  was  the  model  with  an  inlet  lip  radius  of 
13%.Dt,  a  blade  tip  clearance  of  0.1%_Dt,  a  diffuser  angle  of  10°  and  a  diffuser  length 
of  31%.Dt  (‘LR13-D10-50.1-L31’).  A  model  with  the  shortest  diffuser  length  was 
chosen  so  as  to  minimize  the  weight  and  inertia  of  the  model,  to  prevent  overloading 
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of  the  wind-tunnel  balance. 


The  rotor  used  for  all  the  models  was  a  three-bladed,  variable-collective, 
rigid  (hingeless)  rotor  with  untwisted,  flat-plate,  rectangular,  aluminum  blades,  and 
driven  by  a  6- volt /8. 5- watt  electric  motor3  attached  to  the  rotor  support  struc¬ 
ture  .  The  values  of  the  important  rotor  parameters  are  given  in  Table  2.3.  This 
blade/airfoil  geometry  was  chosen  on  the  basis  of  its  simplicity,  since  multiple  rotors 
had  to  be  fabricated  to  create  different  tip  clearance  values,  and  the  emphasis  of  this 
research  was  on  investigating  the  effects  of  different  shroud  geometries  rather  than 
optimizing  the  rotor  itself.  However,  in  order  to  test  the  effects  of  shrouding  on  a 
more-efficient  rotor  that  is  better  suited  to  the  low-Reynolds  number  flight  regime, 
a  single  hover  test  was  also  conducted  of  the  LR13-D10-L31  shroud  with  a  second 
rotor  with  slightly  higher  solidity  (c  =  1.27  cm,  a  =  0.15)  and  cambered,  circular- 
arc  airfoils  (maximum  camber  =  13.4%c).  The  other  parameters  of  this  rotor  were 
the  same  as  those  of  the  baseline  rotor,  as  given  in  Table  2.3.  The  blade  tip  clear¬ 
ance  between  this  ‘cambered’  rotor  and  the  LR13-D10-L31  shroud  was  0.45  mm,  or 
0.28%A- 

2.2  Hover  test  setup 

The  setup  for  the  hover  tests  is  shown  in  Fig.  2.4.  The  tests  were  conducted 

with  a  custom-built  test-stand,  specially  designed  to  measure  the  low  values  of  thrust 

3WES-Technik  Model  Micro  DC  1331  (DC6-8.5)  (http://www.wes- 

technik.de/English/motors.htm). 
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Table  2.3:  Rotor  parameters 


Nominal  rotor  radius  (R) 

8.0  cm 

Number  of  blades  (JVb) 

3 

Rotor  solidity  (a) 

12% 

Blade  root  cut-out  (i%) 

18%R 

Blade  planform 

Rectangular  (no  taper) 

Blade  twist  (0tw) 

0° 

Blade  chord  (c) 

1.0  cm 

Blade  airfoil 

Flat-plate  (uncambered),  rectangular  profile 

(blunt  leading,  trailing  edges),  5%  thick 

and  torque  of  MAV-scale  rotors.4  The  models  were  mounted  inverted  (thrusting 
downwards)  to  avoid  the  effects  of  a  ground  plane  on  their  performance.  The  models 
were  tested  at  collective  angles  from  5°  to  40°,  in  steps  of  either  5°  or  10°,  and 
rotational  speeds  of  2000  to  4000  rpm,  corresponding  to  blade  tip  speeds  of  55  to 
110  ft/s,  tip  Reynolds  numbers  of  approximately  11,500  to  23,000,  and  tip  Mach 
numbers  of  0.05  to  0.10.  A  few  initial  tests  were  conducted  at  rotational  speeds  from 
500  to  5000  rpm,  to  determine  the  effects  of  Reynolds  number  on  the  performance. 
The  atypically  high  —  for  a  conventional  rotor  —  collective  values  tested  are  in 
accordance  with  the  blade  angles  used  in  other  shrouded-rotor  applications  and 

test  programs,  as  described  in  the  previous  chapter.  For  the  shrouded  rotor,  these 

4The  test-stand  was  designed  by  Dr.  Jayant  Sirohi,  also  of  the  Alfred  Gessow  Rotorcraft  Center. 
The  sensing  elements  were  commercial,  off-the-shelf  (COTS)  precision  strain-gauge  load  cells. 
Thrust  was  measured  by  a  Honeywell  Sensotec  Model  31  Precision  Miniature  Tension/Compression 
Load  Cell  (http://www.sensotec.com/).  Torque  was  measured  by  a  Transducer  Techniques  RTS- 
Series  Reaction  Torque  Sensor  (http://www.transducertechniques.com/).  The  sensing  elements 
used  for  these  tests  had  full-scale  ranges  of  1000  g  (2.2  lb)  and  10  oz-in  (0.07  N-m,  0.05  ft-lb), 
respectively,  but  other  sensors  of  the  same  form  factor  and  with  different  capacities  are  available 
from  these  vendors  and  can  also  be  used  in  this  test-stand. 
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high  collectives  compensate  for  the  greater  inflow  seen  at  the  plane  of  the  rotor 
disk,  compared  to  the  case  of  an  open  rotor.  The  open  rotors  were  also  tested  at 
these  high  collectives  to  obtain  a  comparison  of  the  performances  of  the  open  and 
shrouded  rotors  at  the  same  collective  angles.  The  rotational  speed  was  measured 
by  an  arrangement  involving  a  Hall  Effect  sensor5  mounted  to  the  rotor  support 
structure  and  two  magnets  mounted  diametrically  opposite  each  other  on  the  rotor 
hub.  The  passage  of  the  magnets  past  the  sensor  produced  electric  pulses  that  were 
counted  by  the  data  acquisition  program.  Two  magnets  were  used  instead  of  one 
so  as  to  keep  the  rotor  balanced  and  to  improve  the  accuracy  of  the  measurements. 
The  speed  measurements  were  verified  with  an  optical  tachometer6,  which  emitted  a 
laser  beam  and  counted  the  pulses  reflected  from  a  reflective-tape  target  positioned 
on  the  rotor  hub.  The  mechanical  shaft  power  of  the  rotors  was  then  calculated  as 
the  product  of  the  torque  and  rotational  speed. 

The  shroud  thrust  (Tshroud)  was  calculated  by  integration  of  the  measured 
pressure  distributions  over  the  shroud  surface.  The  integrated  shroud  thrust  was 
then  subtracted  from  the  total  thrust  to  arrive  at  the  rotor  thrust  (Trotor).  The 
models  for  which  pressure  data  were  not  collected  —  and  for  which,  therefore,  the 
division  of  thrust  between  the  rotor  and  shroud  could  not  be  calculated  —  were 
the  LR06-D10-50.1,  LR09-D10-50.6,  LR09-D20-<50.5  and  LR13-D00-50.6  models.  It 
was  recognized  that  the  measurement  of  shroud  thrust  by  this  method  results  in 

an  upper-bound  value  for  the  actual  shroud  thrust,  since  it  does  not  account  for 

5Sypris/F.  W.  Bell  Model  FH-301  (http://www.fwbell.com/). 

6Monarch  Instruments  Phasar-Tach  series  Phaser-Laser  (http://www.monarchinstrument.com/). 
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Figure  2.4:  Hover  test  setup 


drag  due  to  surface  friction  on  the  shroud  and  download  on  the  shroud  support 
struts.  An  external  frame  was  therefore  constructed  to  support  the  shrouds  while 
the  rotor  inside  was  separately  mounted  on  the  test-stand,  unattached  to  the  shroud. 
Difficulties  were  experienced,  however,  in  accurately  positioning  the  shroud  relative 
to  the  rotor,  resulting  in  frequent  impacts  between  the  rotor  blades  and  the  shroud; 
this  meaurement  procedure  were  therefore  abandoned. 

Measurements  were  also  made  of  the  axial  velocity  (dynamic  pressure)  dis¬ 
tributions  in  the  wakes  of  the  open  rotor  and  of  six  of  the  shrouded  rotors  —  the 
LR13-D10  models  —  using  a  pitot-static  probe.  For  the  open  rotor,  the  measure¬ 
ments  were  made  at  a  collective  of  20°,  and  at  89  locations  in  the  wake:  at  radial 
stations  r/R  from  0.125  to  1.0,  in  steps  of  either  R/ 8  (1  cm)  or  i?/16,  and  at  axial 
stations  z/R  from  0.04  to  1.60,  in  steps  of  Rj 5  (1.6  cm).  The  density  of  sampling 
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locations  was  increased  for  the  regions  of  large  gradients  in  the  measured  velocities, 
which  corresponded  to  the  trajectory  of  the  blade  tip  vortices.  A  similar  set  of 
measurements  was  also  made  at  60  locations  in  the  wake  of  shrouded-rotor  model 
LR13-D10-h0.6,  also  at  a  rotor  collective  of  20°.  A  third  set  of  tests  consisted  of 
measurements  at  different  radial  stations  at  the  diffuser  exit  plane  only,  for  the 
five  other  LR13-D10  models,  at  rotor  collectives  of  10°,  20°,  30°  and  40°.  Both  the 
shroud  surface  pressure  distribution  and  the  wake  velocity  measurements  were  made 
with  a  variable-capacitance,  very-low-pressure  transducer7,  with  a  full-scale  range 
of  0-50  Pa  (0-0.007  psi). 

2.3  Wind-tunnel  test  setup 

The  translational-flight  tests  were  performed  in  a  open-jet  wind  tunnel  with  a 
22  in  x  22  in  test  section  and  a  turbulence  level  of  0.3%  (Fig.  2.5).  A  four-component 
sting  balance  (Figs.  2.6,  2.7)  was  designed  and  constructed  to  measure  the  normal 
force,  N,  pitch  moment,  M,  roll  moment  (rotor  torque,  Q),  and  axial  force  (rotor 
thrust,  T)  (Fig.  2.8).  The  lift,  L,  and  drag,  D ,  were  determined  from  the  measured 
thrust  and  normal  force  by  a  coordinate  transformation  from  the  body  axes  to  the 
wind  axes: 


N  cos(a)  +  T  sin(a) 

(2.1) 

AT  sin  (a)  —  T  cos(a) 

(2.2) 

'Setra  Systems  Model  267  HVAC/R-series  (Heating,  Ventilation,  Air-Conditioning  and  Refrig¬ 
eration)  Very  Low  Differential  Pressure  sensor  (http://www.setra.com/). 
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Figure  2.5:  Wind  tunnel  test  setup 


In  this  study,  the  angle  of  attack,  cc,  is  defined  as  the  angle  made  by  the  axis 
of  rotation  of  the  rotor  with  the  freestream  velocity  vector,  and  is  therefore  the 
complement  of  the  angle  arotor  which  is  considered  to  be  the  angle  of  attack  in 
conventional  rotor  analysis  (Fig.  2.9). 

Note  that  the  pitch  moment  at  the  rotor  hub  can  be  considered  as  equivalent 
to  the  normal  force,  which  is  perpendicular  to  the  rotor  axis,  acting  at  a  point  on 
the  axis  henceforth  referred  to  as  the  ‘center  of  pressure’  and  located  at  a  distance 
xcp  above  the  plane  of  the  rotor  disk  (Fig.  2.10).  xcp  is  therefore  positive  for  points 
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Iorque  load  cell 
(Roll  moment) 


Thrust  load  cell 
(Axial  force) 


Linear/Rotarv  Bearing 


Strain-gaged  flexures 
for  Normal  force  and 
Pitching  moment 


Figure  2.6:  Four-component  wind-tunnel  sting  balance 


Figure  2.7:  Sting  balance  with  shrouded-rotor  model  mounted 
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Figure  2.8:  Forces  and  moments  acting  on  model  in  translational  flight 
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a 


Figure  2.9:  Angle  of  attack  definition 


Figure  2.10:  Center  of  pressure 
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above  (upstream  of)  the  rotor,  and  negative  for  points  below  (downstream  of)  the 
rotor. 

The  rotational  speed  and  shaft  power  of  the  models  was  measured  in  the 
same  way  as  in  the  hover  tests.  Like  the  hover-stand,  the  balance  was  designed  to 
measure  the  very  low  forces  and  moments  generated  on  MAV-scale  models.  The 
roll  moment  and  axial  force  were  measured  using  the  same  torque  and  force  sensors 
that  were  used  in  the  hover-stand,  while  the  normal  force  and  pitch  moment  were 
measured  using  a  beam  with  two  sets  of  strain-gauged  flexures  (Fig.  2.6).  The  full- 
scale  ranges  of  the  roll-moment  and  axial-force  sensors  were  0.6  in-lb  and  2.2  lb, 
respectively,  while  the  normal-force/pitch- moment  sensing  element  was  calibrated 
up  to  0.7  lb  and  4.0  in-lb.  To  avoid  the  normal-force  sensing  element  having  to 
bear  the  weight  of  the  model,  the  test  setup  was  designed  so  that  the  model  would 
‘pitch’  in  a  horizontal  plane  instead  of  a  vertical  one  (Fig.  2.5),  so  the  normal  force 
and  pitch  moment  are  actually  the  side-force  and  yaw  moment  in  the  ‘earth’  frame 
of  reference.  The  model  support  structure  was  designed  so  that  any  point  on  the 
model  longitudinal  axis  could  be  positioned  directly  above  the  angle-of-attack  pivot 
axis.  For  the  tests  described  in  this  paper,  this  point  was  chosen  to  be  the  location 
of  the  rotor  hub. 

The  shroud  was  instrumented  with  twenty-four  pressure  taps,  as  shown  schemat¬ 
ically  in  Fig.  2.11.  Twelve  of  the  taps  were  at  the  =  180°  rotor  azimuth,  corre¬ 
sponding  to  the  windward  side  of  the  shroud  when  the  model  is  pitched  forward 
into  the  wind,  and  twelve  were  at  the  -0  =  0°  azimuth,  corresponding  to  the  leeward 
or  downwind  side  (Fig.  2.8).  Within  each  set  of  twelve  taps,  eight  were  distributed 
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Figure  2.11:  Pressure  tap  locations  (wind-tunnel  model) 

over  the  shroud  inlet  and  four  along  the  inner  surface  of  the  diffuser,  with  a  greater 
concentration  of  taps  near  the  plane  of  the  rotor  disk.  Figure  2.12  shows  the  test 
setup  after  the  model  had  been  instrumented  with  the  pressure  taps.  The  bundles  of 
pressure  tubing  were  adjusted  to  remain  out  of  the  rotor  wake  and  to  exert  minimal 
force  on  the  model  due  to  their  own  weight.  Although  it  was  desired  to  have  a  com¬ 
plete  picture  of  the  flow-field  around  the  entire  model,  the  small  size  of  the  model 
resulted  in  limited  room  for  additional  tubing,  and  therefore  it  was  not  possible  to 
intrument  the  outer  surface  of  the  shroud  with  pressure  taps  as  well. 

For  both  the  open  and  shrouded  rotors,  the  test  matrix  consisted  of  free-stream 
velocities  of  0,  10,  15  and  20  ft/s,  and  angles  of  attack  from  -45°  to  +90°,  in  steps  of 
either  5°  or  15°,  where  a  =  0°  corresponds  to  axial  flow  (vertical  climb  or  ‘propeller 
mode’),  and  a  =  90°  corresponds  to  hover  in  edgewise  flow.  The  performance 
measurements  were  made  at  rotational  speeds  of  2000,  3000  and  4000  rpm,  while 
the  surface  pressure  measurements  were  made  at  a  rotational  speed  of  3000  rpm 
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(a)  Side  view 


(b)  Rear  view 

Figure  2.12:  Wind  tunnel  model  instrumented  with  pressure  taps 
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only.  All  tests  were  performed  at  a  fixed  rotor  collective  of  20°,  which  was  the 
collective  at  which  the  rotor  exhibited  optimal  performance  in  hover.  Note  that  the 
rotor  was  not  trimmed  in  any  way. 

2.4  Test  procedure  and  uncertainty  analysis 

For  all  tests,  the  data  were  acquired  and  analyzed  using  the  MATLAB® 
programming  environment8  and  a  National  Instruments  data-acquisition  system 
(‘DAS’)9  with  12-bit  resolution,  or  a  least  count  of  1/212  times  the  full-scale  in¬ 
put  range  of  the  individual  data  channels.  For  the  hover  tests,  the  input  ranges 
were  set  to  ±5  V  for  all  the  channels,  resulting  in  a  resolution  (least  count)  of 
2  g  for  the  thrust  measurements,  0.02  oz-in  (0.14  x  10~3  N-m)  for  the  torque  and 
0.025  Pa  for  the  pressure.  For  the  wind-tunnel  tests,  depending  on  the  values  of  the 
forces,  moments  or  pressures  being  produced,  the  input  ranges  were  reduced  so  as 
to  obtain  even  smaller  resolutions  in  the  measurements. 

The  procedure  that  was  used  to  acquire  the  data  in  both  the  hover  and  the 
wind-tunnel  tests  is  described  below.  For  each  point  in  the  test  matrices: 

1.  The  rotor  rotational  speed  was  adjusted  to  within  ±10  rpm  of  the  nominally 

desired  speed. 

2.  With  the  rotor  running  [and  the  wind  tunnel  on],  four  [five]  seconds  of  data 

were  acquired  from  the  transducers  at  a  rate  of  1000  [2000]  samples/second 

8http://www. mathworks.com/products/matlab/ 

9National  Instruments  DAQCard-6062E,  12-bit  resolution  (http://www.ni.com/).  Some  of  the 
earliest  tests  were  conducted  with  a  National  Instruments  model  PCI-6031E  DAS  which  had  16-bit 
resolution. 
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from  each  transducer,  and  the  values  averaged  to  eliminate  unsteady  effects. 
A  higher  sampling  rate  and  a  longer  time  period  were  found  necessary  for  the 
wind-tunnel  tests  to  compensate  for  the  higher  vibration  levels  in  the  models 
in  those  conditions. 

The  sampling  rate  —  at  1000  Hz,  more  than  ten  times  higher  than  the  highest 
rotational  speed  at  which  the  models  were  tested  (5000  rpm,  83.3  Hz)  —  and 
the  lengths  of  time  were  chosen  so  as  to  be  able  to  average  out  the  electrical 
noise  in  the  computerized  data-acquisition  system  and  any  other  random  or 
periodic  fluctuations  in  the  operation  of  the  rotor.  Although  this  investigation 
was  only  concerned  with  the  steady  values  of  test  variables,  the  setup  al¬ 
lowed  for  detection  of  vibrations  of  frequencies  up  to  the  Nyquist  frequency  of 
500  Hz,  corresponding  to  a  rotor  harmonic  of  6/rev  or  more,  with  a  resolution 
of  0.25  Hz10. 

3.  The  rotor  [and  tunnel]  were  then  stopped,  and,  after  all  transients  were  allowed 
to  die  out,  the  transducer  outputs  were  recorded  again  for  a  period  of  one 
second  and  averaged.  In  the  hover  tests,  the  time  required  for  to  allow  the 
model  to  come  to  rest  varied  from  five  to  fifteen  seconds,  depending  on  the 
inertia  of  the  specific  model  being  tested.  For  the  wind-tunnel  tests,  this 
duration  was  increased  to  20-30  s. 

4.  The  difference  between  the  two  averaged  values  —  rotor-on  [/wind-on]  and 

rotor-off  [/wind-off]  —  was  recorded  as  the  measurement  for  that  particular 

10The  frequency  resolution  A /  is  equal  to  1/T,  where  T  is  the  length  of  time  for  which  data 
were  acquired. 
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run.  This  procedure  was  used  for  each  run  to  avoid  errors  from  drifting  of  the 
transducers. 

5.  Each  measurement  run  was  repeated  from  four  to  ten  times,  until  the  scatter 
in  the  measurements  fell  to  acceptable  levels. 

The  uncertainties  in  the  measurements,  and  in  the  ‘final’  reported  values  that 
are  discussed  in  the  subsequent  chapters,  were  estimated  by  the  following  procedure. 
For  each  test  variable  (thrust,  torque,  pressure): 

1.  The  uncertainty  in  the  measurement  value  from  each  run  —  the  difference 
between  the  two  averages,  rotor-on  [/wind-on]  and  rotor-off  [/wind-off]  —  was 
considered  to  be  equal  to  the  ‘reading  error’  for  the  test  variable.  For  these 
digitally-acquired  data,  this  would  be  the  discretization  or  quantization  error 
as  set  by  the  resolution  of  the  DAS,  and  equal  to  plus/minus  one-half  of  the 
least  count  for  each  variable. 

Although  this  was  not  done,  a  more  rigorous  estimate  would  have  been  ob¬ 
tained  by  the  following  procedure: 

(a)  For  each  of  the  4000/5000/1000  measurement  samples  acquired  during 
the  rotor-on  [/wind-on]  and  rotor-off  [/wind-off]  phases,  estimate  the  sta¬ 
tistical  error,  due  to  random  variations,  in  the  individual  sample  value 
by  the  standard  deviation  of  the  4000/5000/1000  values. 

(b)  Compare  the  value  of  this  statistical  error  to  the  value  of  the  reading 
(discretization)  error,  and  choose  the  larger  of  the  two  values  as  the  mea¬ 
surement  error  for  each  individual  sample. 


128 


(c)  Propagate  the  measurement  error  through  the  averaging  and  differencing 
operations  to  obtain  the  estimate  for  the  uncertainty  in  the  final  mea¬ 
surement  value  for  that  run. 

Since  a  very  large  number  of  samples  (4000/5000/1000)  were  acquired,  the  final 
propagated  value  of  the  uncertainty,  obtained  by  this  more  rigorous  method, 
would  have  been  much  lower  than  the  uncertainty  in  each  individual  sample 
value.  Therefore,  the  value  of  the  uncertainty  that  was  actually  used  for  the 
final  measurement  from  the  run  —  i.e.,  the  reading  error  —  is  quite  likely  to 
have  been  very  conservative. 

2.  Using  this  procedure,  multiple  measurement  runs  were  conducted  until  the 
scatter  in  the  values  from  each  run,  as  quantified  by  the  standard  deviation 
of  these  values  over  all  runs,  fell  to  about  the  same  magnitude  as  that  of 
the  reading  error,  or  lower.  Because  of  fluctuations  in  the  output  of  the  power 
supply  controlling  the  drive  motor  and  other  unsteady  factors  in  the  operation 
of  the  rotors,  the  average  rotational  speed  in  any  given  measurement  run 
typically  varied  by  up  to  10-15  rpm  between  different  runs;  hence,  the  values 
of  the  measurements  from  each  run  would  be  expected  to  be  slightly  different 
from  one  run  to  another.  Even  so,  the  reduction  in  the  spread  —  the  standard 
deviation  —  of  the  values  gave  a  good  estimate  for  the  improvement  in  the 
precision  of  the  measurements.  Typically,  only  about  4-5  runs  were  required  to 
obtain  satisfactory  precision,  but  in  some  cases  up  to  10-12  runs  were  required. 

3.  The  measurement  values  of  the  test  variables  from  each  run  were  converted 
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into  their  non-dimensional  coefficient  forms.  The  uncertainties  in  the  mea¬ 


surements  of  the  rotational  speed  (±1  rpm),  the  rotor  radius  (±0.001  cm),  the 
air  density  (±0.05  kg/m3)  and  the  (dimensional)  values  of  the  test  variables 
were  propagated  through  these  calculations  to  obtain  the  uncertainty  in  the 
value  of  the  coefficient  for  that  run. 

4.  The  final  value  of  the  coefficient  for  that  point  in  the  test  matrix  was  obtained 
by  averaging  over  the  values  of  the  coefficients  from  all  runs.  The  uncertainties 
in  the  values  from  each  run  were  propagated  through  the  averaging  operation 
to  obtain  the  uncertainty  in  the  mean  value.  Note,  however,  that  this  uncer¬ 
tainty  is  still  due  only  to  the  reading  errors  in  the  different  measurements. 

5.  The  statistical  (random)  error  in  the  coefficient  values  for  each  run  was  esti¬ 
mated  by  the  standard  deviation  of  the  values  over  all  runs.  This  is  a  valid 
operation  because,  even  though  the  dimensional  values  of  the  test  variables 
would  be  expected  to  vary  from  one  run  to  another,  the  coefficient  values 
would  be  expected  to  be  the  same.  This  statistical  uncertainty,  which  gives  a 
measure  of  the  spread  of  the  measurements  from  different  runs  (the  precision, 
or,  rather,  the  lack  thereof),  was  similarly  propagated  through  the  averaging 
operation  over  all  runs. 

6.  The  larger  of  the  two  propagated  uncertainty  values  —  the  one  due  to  reading 
errors  and  the  other  due  to  random  effects  —  was  selected  as  the  estimate  of 
the  uncertainty  in  the  ‘final’  mean  value  of  the  coefficient. 
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Chapter  3 


Experimental  Results:  Hover  Tests 
3.1  Introduction 

This  chapter  presents  the  performance  and  flow-field  measurements  made  in 
the  hover  tests  of  the  open  and  shrouded  rotors,  and  the  comparisons  of  the  dif¬ 
ferent  shrouded-rotor  models  based  upon  those  measurements.  The  data  —  and 
the  associated  analyses  —  are  presented  in  three  sections:  first,  the  performance 
characteristics  (thrust,  power,  efficiency)  and  comparisons  with  the  predictions  of 
momentum  theory;  second,  the  shroud  surface  pressure  distributions;  and  third,  the 
wake  velocity  distributions.  Within  each  section,  the  effects  of  varying  each  of  the 
shroud  geometric  parameters  (blade  tip  clearance,  inlet  lip  radius,  diffuser  angle, 
diffuser  length,  diffuser  expansion  ratio)  are  discussed.  In  all  cases,  the  data  are 
presented  in  non-dimensional  form  —  as  force,  power  and  pressure  coefficients  and 
as  normalized  distances  and  velocities.  For  obtaining  the  coefficients  of  the  open 
rotors,  the  tip  speed  and  disk  area  of  the  individual  rotors  were  used  as  the  reference 
velocity  and  reference  area;  for  the  shrouded  rotors,  since  rotors  with  different  blade 
tip  clearances  were  tested,  the  reference  velocity  was  the  tip  speed  of  the  actual 
rotor  used  for  the  individual  model,  while  the  reference  area  was  that  of  the  shroud 
throat. 
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3.2  Simplifying  assumptions 


Two  simplifying  assumptions  were  made  prior  to  performing  the  analyses  pre¬ 
sented  in  this  chapter.  The  first  was  that  the  values  of  the  coefficient /normalized 
forms  of  the  various  quantities  did  not  vary  significantly  between  the  tested  ro¬ 
tational  speeds  of  2000  and  4000  rpm,  and  that  the  values  used  in  the  analyses 
comparing  the  various  shrouded-rotor  models  could  therefore  be  those  obtained  by 
averaging  over  all  the  measurements  made  at  all  rotational  speeds  within  this  range. 
The  second  assumption  was  that  the  reduction  in  diameter  of  the  rotor,  which  was 
required  in  order  to  test  models  with  different  blade  tip  clearances,  did  not  signifi¬ 
cantly  change  the  performance  of  the  (open)  rotor  itself,  and  that,  for  the  purpose 
of  comparison  with  the  shrouded  rotors,  the  different  open  rotors  could  therefore  be 
represented  by  a  single  ‘representative’  open  rotor,  the  diameter  and  performance 
of  which  were  obtained  by  averaging  over  the  values  of  all  the  rotors.  The  reasoning 
and  justification  for  these  assumptions  are  given  below. 

3.2.1  Assumption  regarding  rotational  speed 

For  the  first  open  rotor  and  shrouded-rotor  model  tested  (LR09-D20-<50.5), 
the  hover  tests  were  conducted  at  rotational  speeds  from  500  rpm  up  to  5000  rpm, 
to  determine  the  effects  of  Reynolds  number  on  the  data.  The  thrust  and  power 
coefficients  for  these  two  cases  are  shown  in  Figs.  3.1a-d,  plotted  for  the  different 
blade  collective  angles  as  functions  of  the  rotational  speed.  It  can  be  seen  that 
the  mean  values  of  the  coefficients,  calculated  as  described  above,  remain  fairly 
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constant  over  the  range  of  speeds  tested,  although  some  variation  is  seen  at  the 
lower  speeds.  More  significant,  though,  is  the  fact  that  the  uncertainties  in  the  mean 
values  —  estimated  by  the  method  described  in  Section  2.4  (p.  126),  and  shown  by 
the  errobars  in  the  figures  —  increase  significantly  as  the  speed  is  decreased.  This 
is  due  to  two  reasons:  first,  the  increased  sensitivity  of  the  flow,  and  hence  of  the 
rotor  performance,  to  small  random  disturbances  at  lower  Reynolds  numbers  [8]; 
and  second,  the  decrease  in  the  relative  magnitude  of  the  absolute,  dimensional 
values  of  the  various  measured  quantities  (thrust,  torque,  rotational  speed)  to  the 
uncertainties  in  their  measurement  —  effectively,  a  reduction  in  the  signal-to- noise 
ratio.  The  first  increases  the  uncertainty  due  to  the  statistical  spread  of  the  values 
from  different  measurement  runs  —  the  ‘random  error’,  while  the  second  increases 
the  uncertainty  due  to  the  inherent  limits  on  the  precision  in  measuring  a  physical 
quantity  —  the  ‘reading  error’  (see  Section  2.4,  p.  126).  Figures  3.1e-f  show  a 
comparison  of  these  two  sources  of  uncertainty,  along  with  their  variations  with 
changing  rotational  speed.  It  can  be  seen  that,  in  these  tests,  the  uncertainties  due 
to  the  reading  errors  were  typically  greater  than  those  due  to  the  random  errors,  and 
especially  so  at  the  lower  rotational  speeds.  As  mentioned  in  Section  2.4,  the  final 
estimates  of  the  uncertainties  shown  in  the  presentation  of  the  data  in  this  chapter 
were  the  greater  of  the  two  values  for  each  individual  point  in  the  test  matrix. 

It  is  thus  clear  that,  to  obtain  results  with  good  confidence  levels,  the  tests 
should  be  conducted  at  the  higher  rotational  speeds.  However,  at  the  higher  blade 
collective  angles,  the  increased  drag  on  the  blades  and  the  power  limitation  of  the 
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(a)  Open  rotor:  thrust  coefficient. 


(b)  Open  rotor:  power  coefficient. 


(c)  LR09-D20-<50.5:  thrust  coefficient.  (d)  LR09-D20-<50.5:  power  coefficient. 


(e)  LR09-D20-(50.5:  uncertainty  in  Cp. 


(f)  LR09-D20-(50.5:  uncertainty  in  Cp. 


Figure  3.1:  Effects  of  changing  rotational  speed  on  performance 
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(b)  Shrouded-rotor  LR09-D20-60.5 


Figure  3.2:  Effect  of  increasing  rotational  speed  on  power  consumption 


drive  motor1  meant  that  speeds  of  only  up  to  2000  or  3000  rpm  could  be  tested 
(Figure  3.2).  Therefore,  for  the  subsequent  models,  the  tests  were  conducted  at 
rotational  speeds  from  2000  to  4000  rpm  only;  and  since  the  mean  values  of  the 
coefficients  at  the  different  speeds  within  this  range  were  not  significantly  different, 
the  values  of  the  coefficients  were  therefore  averaged  over  all  rotational  speeds  tested 
(between  2000  and  4000  rpm)  for  the  analyses  that  are  presented  in  the  following 
sections. 


3.2.2  Assumption  regarding  rotor  radius 


As  mentioned  earlier,  the  different  blade  tip  clearances  in  the  shrouded-rotor 
models  were  created  by  using  rotors  with  blades  of  different  lengths.  Seven  different 
rotors  were  used,  with  diameters  varying  from  154.0  mm  to  159.7  mm  —  a  range  of 

3.6%-Df  Figures  3.3a-b  compare  the  performance  of  six  of  the  rotors  at  four  different 

1The  electric  drive  motor  had  a  maximum  ‘safe’  rating  of  8.5  watts.  Accounting  for  the  motor 
efficiency  —  which,  for  these  motors,  is  typically  around  50%  —  and  for  transmission  losses,  the 
power  available  at  the  rotor  would  therefore  be  much  lower. 
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collective  angles,  showing  the  thrust  and  power  coefficients  plotted  as  functions 
of  rotor  diameter,  along  with  the  average  of  the  values  of  all  the  rotors  at  each 
collective.  In  these  figures,  the  uncertainty  bounds  for  the  individual  rotors  are 
shown  by  the  errorbars,  while  those  for  the  mean  values  are  shown  by  the  bands 
enclosed  by  the  dashed  lines.  It  can  be  clearly  seen  that  the  variations  in  Cp  and 
Cp  with  changing  diameter  are  quite  random,  i.e.,  the  reduction  in  diameter  had  no 
generalizable  effect  on  the  performance  of  the  rotor.  Therefore,  for  the  purpose  of 
comparisons  with  performance  of  the  shrouded  rotors,  it  was  justifiable  that,  within 
the  limits  of  experimental  uncertainty,  all  seven  rotors  could  be  represented  by  a 
single  ‘representative’  open  rotor,  the  performance  of  which  —  in  non-dimensional 
coefficient  terms  —  was  taken  to  be  equal  to  the  averages  of  the  values  of  the 
individual  rotors.  This  is  further  illustrated  by  Figure  3.3c,  which  shows  the  rotor 
polar  —  Cp  vs.  Cp  —  of  the  resulting  representative  open  rotor,  along  with  the 
measurements  of  the  individual  open  rotors  and  those  of  one  of  the  shrouded-rotor 
models. 

3.3  Performance  measurements 

In  this  section,  the  general  performance  characteristics  of  the  open  and  shrouded 
rotors  are  first  discussed,  followed  by  more  detailed  analysis  of  the  effects  of  varying 
the  individual  shroud  geometric  parameters. 
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Figure  3.3:  Effect  of  changing  diameter  on  the  performance  of  open  rotors 
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3.3.1  General  characteristics 


The  performance  data  for  all  seventeen  shrouded  rotors,  as  well  as  for  the 
representative  open  rotor,  are  shown  in  Figs.  3.4-3.12.  In  these  figures,  the  measured 
values  are  shown  by  the  symbols  and  are  connected  by  straight  line-segments  to 
reveal  the  trends  more  clearly.  Figures  3.4  and  3.5  show  the  ‘raw’  thrust  {Cp)  and 
power  (Gp)  data  plotted  as  functions  of  blade  collective  angle  ( do ).  The  maximum 
values  of  the  thrust  and  power  coefficients  obtained  in  these  tests  —  0.02-0.03  for 
Cp,  0.010-0.014  for  Cp  —  are  substantially  higher  than  those  typically  seen  for 
larger-scale  rotors.  This  is  partly  attributable  to  the  higher  collective  angles  at 
which  these  micro-scale  rotors  have  been  tested,  but  more  so  due  to  their  much 
lower  tip  speeds:  at  a  typical  rotational  speed  of  3000  rpm,  these  rotors  had  a  tip 
speed  of  around  80  ft/s,  which  is  almost  nine  times  lower  than  the  typical  values  of 
700  ft/s  and  higher  seen  for  full-scale  manned  helicopters  [15,  pp.  683-701].  Even 
though  the  disk  loadings  of  these  micro-rotors  (up  to  0.5  lb/ft2)  are  also  much  lower 
than  those  for  large-scale  helicopters  (typically  up  to  10  lb/ft2  [14,  p.  487]),  the 
inverse  scaling  of  the  thrust  coefficient  with  the  square  of  the  tip  speed  results  in 
much  higher  values  of  Cp]  similar  reasoning  applies  to  the  values  of  Cp. 

Figures  3.4  and  3.5  also  show  that,  for  collectives  above  10°-15°,  the  shrouded 
rotors  all  produce  higher  thrust  than  the  open  rotor,  at  the  same  collective  angle, 
while  consuming  less  power  at  all  collectives.  The  increase  in  thrust  coefficient  - 
up  to  50%  more  —  is  greatest  at  the  higher  collectives,  while  the  decrease  in  power 
-  also  by  up  to  50%  —  is  greatest  at  the  lower  collectives.  The  reduced  power  is 
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due  both  to  the  reduction  in  the  induced  power  because  of  the  increased  expansion 
ratio  and  the  consequent  lower  velocity  of  the  wake,  as  well  as  to  the  reduction  in 
profile  power  because  of  the  off-loading  of  the  rotor  by  the  shroud,  causing  the  rotor 
blade  elements  to  operate  at  lower  angles  of  attack.  The  reason  for  the  reduced 
thrust  of  the  shrouded  rotors  at  lower  collectives,  compared  to  the  open  rotor, 
can  be  understood  by  considering  an  approximate  blade-element-momentum-theory 
(BEMT)  model  of  the  hovering  rotor,  in  which  it  is  assumed  that  the  induced  inflow 
(A)  is  constant  over  the  entire  rotor  disk  and  that  all  blade  elements  operate  at  the 
same  angle  of  attack,  derived  from  the  mean  lift  coefficient  of  the  rotor  (Cl)  [14, 
p.  113].  The  pitch  angle,  9 ,  of  a  blade  element  at  any  radial  station  along  the  blade 
is  then  given  by  the  sum  of  the  aerodynamic  angle  of  attack  (a)  and  the  induced 
inflow  angle  (0): 


9(r) 


a(r )  +  0(r) 

Cl  A 
a  r 


(  SCVrotor 

\a  J  a 


V  Od  Cj 
r 

\J  0d  Ct 


(3.1) 


Thus,  for  the  same  thrust  coefficient,  increasing  the  expansion  ratio  causes  a  re¬ 
duction  in  the  aerodynamic  angle  of  attack  of  a  blade  element  but  an  increase  in 
the  induced  inflow  angle.  The  corresponding  change  in  the  required  rotor  collective 
depends  on  the  relative  magnitudes  of  the  two  terms  in  Eq.  (3.1).  At  very  low  thrust 
coefficients,  the  induced-inflow  term  (proportional  to  ^/cyf)  dominates,  so  that  in- 
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creasing  cy  results  in  a  net  increase  in  the  pitch  angle  required  for  a  given  Cp,  or, 
equivalently,  a  lower  Cp  at  the  same  rotor  collective.  At  higher  thrust  coefficients, 
the  angle-of-attack  term  (proportional  to  l/cy)  dominates,  so  that  increasing  cq  re¬ 
sults  in  a  net  decrease  in  the  pitch  angle  required  for  a  given  Cp,  or,  equivalently,  a 
higher  Ct  at  the  same  d0-  Equation  (3.1)  has  been  plotted  in  Fig.  3.6  for  an  open 
rotor2  and  for  different  values  of  <Jd  for  a  shrouded  rotor,  and  the  cross-over  seen  in 
the  experimental  data  in  Fig.  3.4  can  be  clearly  seen  in  these  theoretical  predictions 
as  well,  occurring  between  blade  tip  angles  of  3°  and  5°.  A  reduction  in  either  the 
expansion  ratio  or  the  lift-slope  (a)  of  the  blade  airfoils  causes  the  first  term  in 
Eq.  (3.1)  to  dominate  and  the  cross-over  to  occur  earlier,  i.e.,  at  a  lower  collective. 
The  higher  values  of  6q  at  which  the  cross-overs  are  seen  in  the  experimental  data 
are  probably  due  to  factors  that  are  not  accounted  for  in  this  simplified  model. 

The  improved  performance  of  the  shrouded  rotors  is  more  evident  when  the 
thrusts  of  the  two  configurations  are  compared  at  the  same  power  (Fig.  3.7).  At  the 
same  power  coefficient,  some  of  the  shrouded  rotors  —  models  LR13-D10-50.1-L72 
and  -L50,  specifically  —  have  thrust  coefficients  up  to  94%  higher  than  that  of  the 
open  rotor,  with  the  greatest  improvements  occurring  around  Cp  =  0.004.  Con¬ 
versely,  at  the  same  thrust  coefficient,  the  shrouded  rotors  have  power  coefficients 

up  to  70%  lower  than  that  of  the  open  rotor,  with  the  greatest  reductions  occur- 
2  For  the  special  case  of  an  open  rotor,  Eq.  (3.1)  becomes: 

°OR{r)={^)CT  + 

Thus,  for  comparing  the  aerodynamic  angles  of  attack  and  the  induced  inflow  angles  of  the  blade 
elements  of  a  shrouded  rotor  and  an  open  rotor  at  the  same  thrust  coefficient,  this  yields  the 
relations  aSR  =  y^aoR  and  ^SR  =  OR- 


y/d%72 
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Figure  3.6:  Theoretical  prediction  of  thrust  coefficient  as  a  function  of  blade  tip 
angle,  for  different  values  of  expansion  ratio  (Equation  (3.1),  a  =  0.1,  a  =  5.73per 

radian,  r  =  1.) 

ring  near  Cp  =  0.02,  which  is  approximately  the  highest  value  of  Cp  achieved  by 
the  open  rotor.  Note  that  these  comparisons  are  made  while  considering  the  actual 
power,  not  the  ideal  power,  and  therefore  would  be  expected  to  be  different  from 
the  predictions  from  momentum  theory  that  were  given  in  Table  2.2  (p.  113). 

The  power  loading,  PL  =  T/P,  is  the  quantity  that  the  designer  of  an  aircraft 
is  ultimately  interested  in,  because  it  directly  gives  the  obtainable  increase  in  thrust 
at  the  same  power,  or,  conversely,  the  decrease  in  power  at  the  same  thrust.  While 
the  rotor  polars  —  the  graphs  of  Cp  versus  Cp  —  are  useful  means  of  comparing  the 
performances  of  the  open  and  shrouded  rotors,  they  are  only  good  for  comparisons 
when  the  different  configurations  are  forced  to  operate  at  the  same  thrust  or  power 
coefficient.  This  is  not  a  realistic  circumstance  in  the  design  of  an  aircraft,  since 
any  rotor  design  would  typically  be  operated  as  near  as  possible  to  its  collective 
for  maximum  efficiency  (power  loading).  Since  the  rotor  polar  does  not  directly 
indicate  the  value  of  this  collective,  it  does  not  easily  enable  comparisons  of  the 
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vs.  power  coefficient 


different  configurations  at  their  respective  points  of  maximum  efficiency.  Figures  3.8 
through  3.12  therefore  show  three  different  measures  of  efficiency  which  do  enable 
such  a  comparison,  plotted  as  functions  of  collective  angle  and  of  thrust  coefficient. 
Two  of  these  measures  are  familiar  to  rotor  aerodynamicists:  the  ratio  of  thrust 
coefficient  to  power  coefficient,  Ct/Cp  (Figs.  3.8,  3.9),  which  is  maximum  at  the 
point  of  maximum  power  loading  when  the  tip  speed  of  the  rotor  is  constrained  to 
a  fixed  value: 


T  _  1  CT 
P  Cp 

and  the  figure  of  merit,  FM  (Figs.  3.10,  3.11),  which  shows  a  maximum  at  the  point 
for  optimal  operation  when  the  tip  speed  is  allowed  to  vary  but  the  disk  area  is 
constrained: 
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x  FM 
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(3.3) 


where  now,  in  the  general  case  of  a  shrouded  rotor,  the  disk  loading  (DL)  is  equal 
to  Trotor/A  =  T /2(j(\A.  These  two  measures  are  appropriate  for  determining  the 
optimal  operating  collective  of  a  given  rotor,  open  or  shrouded,  and  can  be  used  for 
comparing  the  performances  of  different  open-rotor  designs  or  of  different  shrouded 
rotors  with  the  same  diffuser  expansion  ratio.  However,  when  comparing  designs 
with  different  expansion  ratios,  use  of  the  traditional  formulation  of  the  figure  of 
merit  (Eq.  (1.3))  can  lead  to  incorrect  conclusions.  This  can  be  seen  from  Eqs.  (1.2) 
and  (1.3):  at  the  same  total  thrust,  increasing  the  cq  causes  the  ideal  power  - 
and  hence  the  figure  of  merit  —  to  decrease,  even  though  the  total  power  require¬ 
ment  has  actually  decreased,  and  the  power  loading  (efficiency)  increased.  However, 
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Eq.  (3.3)  suggests  a  different  efficiency  measure  that  would  overcome  this  limitation 
-  a  ‘generalized’  figure  of  merit,  FM*  =  FM^/d^,  which  is  nothing  but  C^2 /2Cp. 
This  measure  can  be  used  for  comparing  both  open  and  shrouded  rotors,  whether 
at  the  same  or  different  value  of  expansion  ratio,  as  well  as  for  determining  the 
optimal  operating  point  for  a  given  rotor,  open  or  shrouded,  since  the  maximum 
FM  and  maximum  FM*  both  occur  at  the  same  point  (collective).  Comparisons  of 
the  traditional  FM  are  still  permissible  when  the  different  designs  have  the  same 
rotor  thrust  (disk  loading);  however,  this  is  of  little  practical  use,  since  it  is  the  total 
thrust  that  a  designer  is  interested  in.  At  a  desired  total  thrust  and  disk  area,  the 
required  power  is  inversely  proportional  to  FM*,  while  at  a  given  power  and  disk 
area,  the  thrust  that  would  be  produced  is  directly  proportional  to  (FM*)2/3.  Thus, 
a  graph  of  FM^/cy)  versus  Cp  (Fig.  3.12)  would  perform  the  same  role  as  that  of  the 
traditional  FM-vs.-CA  graph  for  an  open  rotor,  while  also  allowing  for  valid  compar¬ 
isons  of  the  performances  of  configurations  with  different  expansion  ratios.  The  only 
disadvantage  of  this  measure  is  that,  unlike  the  traditional  figure  of  merit,  it  does 
not  have  a  maximum  possible  value  of  unity,  having  instead  a  maximum  possible 
value  of  and  therefore  does  not  give  as  immediate  an  idea  of  how  close  a  given 
design  is  to  ‘perfection.’  For  this  purpose,  the  traditional  figure  of  merit  remains 
the  better  efficiency  measure.  Further  discussion  about  these  different  measures  of 
rotor  efficiency  is  given  in  Appendix  B  (p.  297)  of  this  dissertation. 

Figures  3.8  and  3.9  show  that,  for  the  open  rotor,  the  maximum  value  of  Cp/Cp 
occurs  at  a  collective  angle  of  10°  (Cp  =  0.0075),  while  for  the  shrouded  rotors  it 
occurs  between  collectives  of  10°  and  20°  (Cp  =  0.0075-0.0225),  depending  on  the 
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specific  model.  Although  measurements  were  made  for  only  a  few  of  the  shrouded 
rotors  at  90  =  15°,  the  trends  in  the  data  suggest  that  the  maximum  Ct/Cp  may 
occur  at  this  collective  angle  for  all  the  shrouded-rotor  models  (when  used  with  this 
specific  rotor).  The  greatest  improvement  in  performance,  therefore,  according  to 
this  measure  of  efficiency,  is  by  around  94%,  comparing  the  maximum  value  of  3.5 
for  the  open  rotor  with  that  of  6.8  for  shrouded-rotor  model  LR13-D10-50.6.  This 
corresponds  to  either  a  94%  increase  in  thrust  at  the  same  power,  or  a  49%  reduction 
in  power  at  the  same  thrust,  compared  to  the  open  rotor,  if  the  tip  speeds  are  held 
the  same  (Eq.  3.2).  Although  data  were  not  taken  with  this  shroud  and  a  smaller 
tip  clearance  (0.1%_Dt)  at  90  =  15°,  it  is  quite  probable  that  the  smaller  tip  gap 
would  have  resulted  in  even  greater  improvements  in  performance. 

In  terms  of  the  figure  of  merit  (Figures  3.10  and  3.11),  the  shrouded  rotors 
show  maximum  values  of  up  to  0.42  (model  LR13-D10-50.1-L50),  which  is  a  68% 
improvement  over  the  maximum  value  of  0.25  for  the  open  rotor,  and  these  maxima 
universally  occur  at  a  collective  angle  of  20°,  for  both  the  open  and  shrouded  rotors. 
The  thrust  coefficients  at  which  these  maxima  occured  were  0.015  for  the  open  rotor 
and  0.020  or  slightly  higher  for  the  shrouded  rotors.  As  expected,  the  FM  values 
for  the  models  with  the  largest  expansion  ratio  —  the  D20  models  —  are  in  some 
cases  lower  than  those  for  the  open  rotor,  which  would  imply  a  seemingly  reduced 
efficiency  for  these  models.  The  generalized  form  of  the  figure  of  merit  eliminates 
this  misleading  effect  of  the  conventional  form  of  FM,  and  clearly  shows  (Figure  3.12) 
that  all  of  the  shrouded  rotors  are  indeed  much  more  efficient  than  the  open  rotor 
-  up  to  160%  more  efficient  in  the  case  of  some  of  the  LR13-D10  models,  which 
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Figure  3.10:  Figure  of  merit  vs.  collective  angle 


have  maximum  values  of  FMv/o^  of  0.47  compared  to  0.18  for  the  open  rotor.  This 
corresponds  to  a  62%  reduction  in  power  for  the  same  thrust,  or  a  90%  increase  in 
thrust  at  the  same  power,  when  the  rotor  disk  areas  are  held  the  same  (Eq.  3.3). 
These  results,  which  take  into  account  the  real  power  consumption  of  the  rotors, 
show  improvements  in  performance  that  are  even  better  that  those  predicted  by 
momentum  theory  (see  Table  2.2  on  page  113),  and  clearly  indicate  the  benefits  of 
shrouding  a  rotor  at  the  MAV  scale. 

To  determine  whether  similar  improvements  in  performance  would  be  obtained 
with  a  more  efficient  rotor,  which  is  better  suited  to  the  low-Reynolds  number  flight 
regime,  the  LR13-D10-L31  shroud  was  tested  with  a  rotor  with  cambered  blades,  as 
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Figure  3.11:  Figure  of  merit  vs.  thrust  coefficient 
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Figure  3.12:  Generalized 
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described  in  Chapter  2.  This  ‘cambered’  shrouded-rotor  model  was  tested  at  a  single 
collective  of  20°,  and,  with  a  tip  clearance  of  0.3 %Dt,  produced  a  thrust  coefficient 
of  0.040  and  a  power  coefficient  of  0.0075.  This  is  equivalent  to  a  figure  of  merit 
of  0.507,  and  a  generalized  figure  of  merit  of  0.543.  These  cambered  blades  were 
the  same  blades  used  on  the  rotor  that  was  tested  by  Sirohi  et  al.  [23]  during  the 
design  of  their  ‘TiFlyer’  MAV.  In  those  tests,  the  open  rotor  achieved  a  maximum 
figure  of  merit  of  0.45,  equivalent  to  FM*  =  0.32,  at  a  collective  of  18°.  Although 
the  rotor  hub,  and  hence  the  root  cut-out,  for  the  rotor  in  those  tests  was  different 
from  that  used  for  this  shrouded  rotor  (Rq  =  0.22 R  vs.  0.1877),  the  rotor  diameters 
were  almost  the  same  (6.35  in  vs.  6.3  in),  and  the  two  sets  of  performance  data 
can  therefore  be  justifiably  compared.  The  ratio  of  the  generalized  figures  of  merit 
thus  indicates  that,  for  this  ‘cambered’  rotor,  use  of  a  LR13-D10-50.3-L31  shroud 
can  result  in  a  42%  increase  in  thrust  at  the  same  power,  or  a  41%  reduction  in 
power  at  the  same  thrust.  These  performance  improvements  are  not  as  great  as 
those  achieved  with  the  baseline  rotor’s  uncambered  blades,  which  suggests  that  as 
the  design  of  the  rotor  itself  is  improved3,  less  of  a  performance  benefit  would  be 
obtained  from  shrouding  the  rotor.  However,  further  tests  would  be  necessary  to 
determine  whether  this  is  true. 

The  thrust  coefficients  referred  to  in  the  preceding  discussions  have  been  the 
‘total’  thrust  coefficient,  as  measured  by  the  thrust  transducer  of  the  hover  test- 

stand.  The  shroud  surface  pressure  measurements,  described  in  greater  detail  in 

3Figures  of  merit  as  high  as  0.622  have  been  achived  by  MAV-scale  open  rotors  that  incorporated 
taper,  twist,  camber  and  sharpened  leading  edges  in  their  design  [20]. 
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Section  3.4  of  this  chapter,  were  integrated  to  obtain  the  thrust  produced  by  the 
shrouds  themselves,  and  these  were  subtracted  from  the  total  thrust  measurements 
to  obtain  the  thrust  of  the  rotor  alone.  The  variations  in  CVrotor  and  Crahroud  thus 
obtained  are  shown  in  Figures  3.13-3.15,  plotted  as  functions  of  blade  collective 
angle.  Figure  3.13  indicates  that,  at  a  given  collective,  the  rotor  does  generate 
less  thrust  when  it  is  placed  inside  a  shroud,  compared  to  when  it  is  in  open  air. 
This  would  be  due  to  the  increased  inflow  through  the  rotor,  which  reduces  the 
blade  section  angles  of  attack  at  a  fixed  collective.  At  higher  collectives,  however, 
the  difference  between  CV;otor  and  Ctor  becomes  smaller,  with  the  two  quantities 
becoming  almost  equal  in  some  cases.  Note  that  the  shrouded-rotor  coefficients 
plotted  in  this  figure  were  obtained  by  normalizing  the  rotor  thrust  by  the  shroud 
throat  cross-sectional  area,  while  the  open  rotor  thrust  coefficients  were  obtained  by 
normalizing  by  the  smaller  area  of  the  actual  rotor  disk.  For  a  more  fair  comparison, 
Figure  3.14  shows  the  values  of  CxIot or  obtained  when  the  shrouded-rotor  thrusts 
are  normalized  by  the  actual  rotor  disk  area,  too.  As  expected,  the  coefficient 
values  obtained  are  now  slightly  higher  than  those  in  Figure  3.13  —  more  so  for  the 
configurations  with  the  larger  tip  gaps  —  but  are  still  mostly  lower  than  those  for 
the  open  rotor.  The  highest  thrust  coefficients  achieved  by  the  rotors,  whether  open 
or  shrouded,  are  around  0.02;  this  corresponds  to  a  blade  loading  coefficient  (Cr/cr) 
of  0.167,  or  a  mean  rotor  lift  coefficient  {CTj  =  6 CV/cr)  of  1.0,  which  would  be  at 
the  upper  stall  limits  of  the  blunt,  uncambered,  flat-plate  airfoils  (Table  2.3,  p.  115) 
at  these  low  Reynolds  numbers,  and  is  clearly  evidenced  by  the  the  flattening-out 
of  the  curves  at  the  highest  collectives.  Figure  3.15  shows  that  most  of  the  shroud 
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Figure  3.13:  Rotor  thrust  coefficient,  as  normalized  by  shroud  thoat  area  (7r.D|/4), 

vs.  collective  angle 

models  achieve  their  maximum  thrust  at  a  collective  angle  between  25°  and  30°,  and 
exhibit  a  gentle  stall-like  characteristic  at  higher  collectives,  while  some  —  the  LR13 
models  with  tip  clearances  of  0.6%  and  0.8%_Dt  —  initially  level  off  or  decrease  in 
that  particular  collective  range,  but  then  increase  to  higher  values  at  9q  =  40°. 


3.3.2  Effects  of  changing  shroud  parameter  values 

The  effects  of  varying  each  of  the  shroud  geometric  parameters  —  blade  tip 
clearance,  inlet  lip  radius,  diffuser  included  angle,  diffuser  length  and  diffnser  ex¬ 
pansion  ratio  (Figure  3.16)  —  on  the  performance  of  the  shrouded  rotors  are  shown 
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Figure  3.15:  Shroud  thrust  coefficient  vs.  collective  angle 


in  Figures  3.17-3.20.  As  mentioned  earlier  in  Chapter  2,  the  matrix  of  shrouded- 
rotor  models  (Table  2.1,  p.  112)  enabled  comparisons  of  data  from  multiple  series  of 
models  for  each  of  the  shroud  parameters.  These  series  are  listed  below  in  Table  3.1. 
For  each  parameter,  four  different  metrics  have  been  used  to  illustrate  the  improve¬ 
ment  in  performance  of  the  shrouded  rotors  over  the  open  rotor,  and  to  compare 
the  performances  of  the  different  shrouded  rotors.  These  are: 

1.  The  ratio  of  the  maximum  value  of  Ct/Cp  of  the  shrouded  rotor  to  that  of 
the  open  rotor. 

2.  The  ratio  of  the  maximum  value  of  the  generalized  figure  of  merit,  FM*  = 
FMv/bh,  of  the  shrouded  rotor  to  that  of  the  open  rotor. 

3.  The  ratio  of  the  shrouded  rotor’s  thrust  coefficient  (CrSR)  to  that  of  the  open 
rotor  (Ctor),  with  the  two  configurations  at  the  same  power  coefficient,  and 
evaluated  at  four  different  values  of  Cp\  0.002,  0.004,  0.007  and  0.010. 

4.  The  ratio  of  the  shrouded  rotor’s  power  coefficient  (CpSR)  to  that  of  the  open 
rotor  (CpOR),  at  the  same  thrust  coefficient,  and  evaluated  at  three  different 
values  of  Cp:  0.010,  0.015  and  0.020. 

The  figures  show  the  values  of  each  of  these  metrics  plotted  as  functions  of  the  shroud 
parameters,  for  each  of  the  different  comparison  series.  The  values  of  Cp  and  Cp  at 
which  the  ratios  of  the  thrust  and  power  coefficients,  respectively,  were  evaluated 
were  chosen  such  that  they  spanned  the  range  of  measured  power  and  thrust  for  all 
of  the  models.  Although  thrust  coefficients  higher  than  0.020  were  measured  for  the 
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Figure  3.16:  Principal  shroud  parameters  affecting  shrouded-rotor  performance: 
diffuser  included  angle  (0d),  diffuser  length  (Ld),  inlet  lip  radius  (rlip),  blade  tip 

clearance  (<5tiP) 

shrouded  rotors,  this  was  the  highest  value  of  Cp  achieved  by  the  open  rotor,  and 
hence  the  highest  value  at  which  a  comparison  of  the  power  consumption  could  be 
made. 

Additionally,  to  illustrate  the  physics  of  the  operation  of  the  shrouded  ro¬ 
tors,  the  effects  of  the  shroud  parameters  on  the  ratios  CpSR/ Ctor,  CpSR/CpOR, 
^Trotor / Ctor  (rotor  thrust)  and  CVrotor / CVt„tal  (rotor  thrust  fraction)  have  been  shown, 
with  the  quantities  for  the  open  and  shrouded  rotors  compared  at  the  same  collec¬ 
tive  angle  and  evaluated  at  four  different  values  of  90 :  10°,  20°,  30°  and  40°.  Since 
the  performance  measurements  were  made  at  these  specific  collective  angles,  cal¬ 
culation  of  the  corresponding  ratios  was  straightforward.  For  comparisons  at  the 
same  power  or  thrust  coefficients,  however,  interpolation  between  the  measured  val¬ 
ues  was  required;  this  was  performed  using  piecewise-cubic  Hermite  interpolating 
polynomials.  Note  that,  unlike  the  ratios  comparing  the  open  and  shrouded  rotors, 
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Table  3.1:  Shrouded-rotor  model  comparison  series  for  analyzing  effects  of  the 
shroud  geometric  parameters  on  performance  characteristics 


Model  series  for  blade  tip  clearance 

5tiP  values  [%Dt] 

LR09-D20 

0.09,  0.50 

LR13-D20 

0.09,  0.63,  0.82 

LR13-D10 

0.09,  0.63 

LR13-D10-L31 

0.09,  0.82,  1.57 

Model  series  for  inlet  lip  radius 

rup  values  [%Dt] 

D10-h0.1 

6.48,  13.1 

D20-50.1 

6.48,  8.99,  13.1 

DOO-hO.6 

6.48,  8.99,  13.1 

D10-h0.6 

8.99,  13.1 

D20-50.6 

8.99,  13.1 

Model  series  for  diffuser  included  angle 

9d  values  [°] 

LR06-50.1 

9.70,  20.22 

LR13-50.1 

9.70,  20.22 

LR09-50.6 

0,  9.70,  20.22 

LR13-50.6 

0,  9.70,  20.22 

Model  series  for  diffuser  length 

Ld  values  [%Dt] 

LR13-D10-50.1 

31,  50,  72 
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Table  3.1:  Shrouded-rotor  model  comparison  series  (contd.) 


Model  series  for  diffuser  expansion  ratio 

cq  values 

LR06-50.1-L72 

1.31,  1.63 

LR13-50.1-L72 

1.31,  1.63 

LR13-50.1-D10 

1.14,  1.22,  1.31 

LR09-50.6-L72 

1.03,  1.31,  1.63 

LR13-50.6-L72 

1.03,  1.31,  1.63 

LR13-50.8 

1.15,  1.63 

the  rotor  thrust  fraction  of  a  shrouded  rotor,  Trotor/Ttotai,  is,  according  to  the  mo¬ 
mentum  theory/actuator  disk  model,  independent  of  thrust  or  power  level  —  or, 
equivalently,  of  rotor  collective  angle  —  and  depends  only  on  the  wake  expansion 
ratio  (Equation  1.5  on  page  17). 

Some  of  the  observations  that  can  be  made  from  these  figures  are  the  same, 
no  matter  which  shroud  parameter  is  being  considered,  and  these  are  therefore  de¬ 
scribed  first,  before  discussing  the  specific  effects  of  changing  the  shroud  parameter 
values.  When  compared  at  the  same  power  coefficient,  the  ratio  of  total  thrust, 
CVSR/CVoll,  shows  values  between  1.3  and  almost  2.0,  with  the  ratio  increasing 
slightly  from  Cp  =  0.002  to  0.004  and  then  decreasing  as  Cp  is  further  increased 
to  0.010  (Figs.  3.17c,  3.18c,  3.19c  and  3.20c).  For  all  of  the  shrouded  rotors,  the 
Cp  value  of  0.004  corresponds  most  closely  to  a  collective  angle  of  20°,  which  is 
the  collective  at  which  they  all  achieved  their  highest  value  of  [generalized]  figure 
of  merit.  It  is  therefore  not  entirely  surprising  that  highest  values  of  Ctsr/Ctor  are 
also  achieved  at  this  value  of  power  coefficient.  When  compared  at  the  same  collec- 
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tive  angle,  the  ratio  increases  with  increasing  collective,  with  most  of  the  increase 
occurring  between  60  =  10°  and  20°  (Figs.  3.17e,  3.18e,  3.19e  and  3.20e).  At  60  = 
10°,  the  ratio  has  values  of  0. 8-1.0,  while  at  the  higher  collectives,  this  increases  to 
between  1.2  and  1.6. 

Similarly,  when  compared  at  the  same  thrust  coefficient,  the  ratio  of  the  power 
coefficients,  CpSR/CpOR,  steadily  decreases  with  increasing  Cp,  with  values  between 
0.3  and  0.7  (Figs.  3.17d,  3.18d,  3.19d  and  3.20d),  but,  when  compared  at  the  same 
collective  (Figs.  3.17f,  3.18f,  3.19f  and  3.20f),  steadily  increases  with  increasing  90, 
showing  values  between  0.5  and  1.0.  The  reason  for  these  opposite  trends,  seen  in 
both  CpSR/CpOR  and  CpSR/CpOR,  is  simply  due  to  the  differences  in  the  ways  that 
Cp  and  Cp  increase  with  increasing  collective  for  the  open  and  shrouded  rotors 
(Figures  3.4  and  3.5).  Considering,  for  example,  the  behavior  of  CpSR/CpOR :  at 
low  collectives,  the  shrouded-rotor  thrust  is  higher  than  that  of  the  open  rotor, 
while  the  power  consumed  is  lower,  thereby  exaggerating  the  differences  in  thrust 
when  compared  at  the  same  power.  At  higher  collectives,  the  difference  between  the 
shrouded-rotor  thrust  and  the  open- rotor  thrust  becomes  much  larger,  so  CpSR/CpOR 
at  the  same  collective  increases,  but  the  relative  difference  in  power  consumption 
becomes  smaller,  so  CpSR/CpOR  at  the  same  power  level  decreases.  The  behavior  of 
the  ratio  of  power  coefficients  can  be  explained  similarly. 

Looking  at  the  thrust  produced  by  the  rotor  itself,  in  the  shrouded  condition 
versus  in  the  open  condition,  Cprotor  j CpOR  —  when  compared  at  the  same  collective 
—  is  seen  to  steadily  increase  with  increasing  collective,  with  values  between  0.3  and 
1.0  (Figs.  3.17g,  3.18g,  3.19g  and  3.20g).  The  rotor  thrust  fraction,  Trotor/Ttotal,  also 
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mostly  increases  with  increasing  9 o,  with  values  between  0.3  and  0.75,  depending 
on  the  shroud  model  (Figs.  3.17h,  3.18h,  3.19h  and  3.20h).  Both  of  these  results 
suggest  that  at  the  higher  collectives,  the  shroud  is  not  able  to  off-load  the  rotor  as 
much  as  at  lower  collectives,  and  the  rotor  is,  so  to  speak,  ‘left  to  fend  for  itself.’ 
This  conclusion  is  supported  by  the  stall-like  behavior  seen  in  Crshroud  for  many  of 
the  shroud  models  (Figure  3.15),  while  CpIotoI  continues  to  increase  at  the  higher 
collectives,  albeit  at  a  decreased  rate  (Figure  3.13). 

3.3. 2.1  Blade  tip  clearance 

The  effects  of  varying  the  blade  tip  clearance,  5tiP,  on  the  shrouded-rotor  per¬ 
formance  are  shown  in  Figures  3.17a-h.  For  this  parameter,  data  were  available 
from  four  series  of  shrouded-rotor  models,  LR09-D20,  LR13-D20,  LR13-D10  and 
LR13-D10-L31,  in  each  of  which  lip  radius,  diffuser  angle  and  diffuser  length  were 
held  constant,  and  the  tip  clearance  allowed  to  change  from  one  model  to  the  next 
(Table  3.1). 

Increasing  the  tip  clearance  is  clearly  seen  to  have  adverse  effects  on  perfor¬ 
mance,  causing  decreases  in  maximum  Cp/Cp,  maximum  FM*  and  CpSR/Cpon  at 
the  same  Cp,  and  increases  in  CpSR/Cpon  at  the  same  Cp ■  Of  the  four  series,  the 
LR09-D20  models  show  the  most  rapid  degradations.  The  LR13-D10  models,  while 
exhibiting  the  best  overall  performance,  show  the  least  change  in  performance  with 
changing  tip  clearance.  In  fact,  maximum  Cp/Cp  increases  in  this  series,  as  <5tip  is 
increased  from  0.1  to  0.6%Ht;  however,  this  is  because  measurements  were  made 
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Figure  3.17:  Effect  of  blade  tip  clearance 


at  Oq  =  15°  for  the  50.6  model  but  not  for  the  50.1  model,  as  explained  earlier. 
Comparing  the  LR09-D20  series  and  the  LR13-D20  series  shows  that  changing  5tiP 
has  a  stronger  effect  on  the  shroud  with  the  smaller  lip  radius.  Similarly,  comparing 
the  LR13-D10  and  LR13-D20  series  shows  more  pronounced  changes  for  the  D20 
models,  and  comparing  the  LR13-D10  and  LR13-D10-L31  series  shows  stronger  ef¬ 
fects  for  the  shorter  diffuser.  As  will  be  shown  in  subsequent  sections,  these  are  the 
cases  in  which  the  shrouded  rotors  generally  show  the  worst  performance,  and  it  is 
in  these  that  changing  the  tip  clearance  seems  to  have  the  greatest  effect. 

When  compared  at  the  same  collective,  Ctsr/Ctor  is  seen  to  decrease  with  in¬ 
creasing  tip  clearance,  but  the  LR13-D20  series  of  models  shows  anomalous  behavior. 
No  consistent  trends  can  be  seen  in  the  behavior  of  CpSR/CpOR  or  of  CVrotor  / CVOR  • 
The  rotor  thrust  fraction,  Trotor/Ttota i,  generally  seems  to  increase  with  increasing 
tip  clearance,  but  here,  too,  some  of  the  data  go  against  this  trend. 
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Figure  3.17:  Effect  of  blade  tip  clearance  (contd.) 
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Figure  3.17:  Effect  of  blade  tip  clearance  (contd.) 
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Figure  3.18:  Effect  of  lip  radius 


3. 3. 2. 2  Inlet  lip  radius 


The  effects  of  varying  the  inlet  lip  radius,  rup,  on  the  shrouded- rotor  perfor¬ 
mance  are  shown  in  Figures  3.18a-h.  For  this  parameter,  data  were  available  from 
five  series  of  shrouded-rotor  models:  D10-50.1,  D20-50.1,  D00-<50.6,  D10-50.6  and 
D20-50.6  (Table  3.1). 

As  lip  radius  is  increased,  all  five  series  of  models  show  increases  in  maximum 
Ct/Cp,  maximum  FM*  and  Ctsr/Ctor  at  the  same  Cp.  Ctsr/Ctor  when  compared 
at  the  same  collective,  also  shows  increases  with  increasing  rnp  at  collectives  of  20° 
and  higher,  but  these  are  not  as  pronounced  as  those  seen  when  compared  at  the 
same  power.  Except  for  the  D00-506  series  of  models,  and  anomalous  data  points 
corresponding  to  the  LR09-D20-50.1  model,  the  rates  of  increase  with  increasing 
lip  radius  are  about  the  same  for  all  the  series.  The  ratio  of  power  coefficients, 
Cpsn/CpOK  at  the  same  Cp,  decreases  with  increasing  lip  radius,  with  the  effects 
being  seen  more  clearly  at  the  two  higher  thrust  coefficient  values  than  at  the  lowest 
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Figure  3.18:  Effect  of  lip  radius  (contd.) 
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Figure  3.19:  Effect  of  diffuser  angle 


one. 

Increasing  r'iip  also  causes  sharp  reductions  in  the  rotor  thrust  fraction,  Trotor/Ttotai, 
and  generally  decreasing  trends  in  CttoU„. / C'tok  indicating  increasing  off-loading  of 
the  rotor  by  the  shroud.  As  with  the  blade  tip  clearance,  changing  the  lip  radius 
does  not  appear  to  have  a  consistent  effect  on  CpSR/CpOR  when  compared  at  the 
same  collective. 


3.3. 2.3  Diffuser  angle 

The  effects  of  varying  the  diffuser  included  angle,  6 d,  are  shown  in  Figures  3.  Wa¬ 
ll.  For  this  parameter,  data  were  available  from  four  series  of  shrouded-rotor  models: 
LR06-<50.1,  LR13-<50.1,  LR09-<50.6  and  LR13-50.6  (Table  3.1). 

The  figures  show  that,  of  the  three  diffuser  angles  tested,  the  ten-degree  dif¬ 
fusers  showed  the  best  performance,  whether  the  measure  of  performance  improve¬ 
ment  over  the  open  rotor  is  maximum  Cp/Cp,  maximum  FM*  or  Ctsr/Ctor  at  the 
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rotor  total 


(g)  Effect  on  rotor  thrust,  compared  at  the  same  collective  angle 


(h)  Effect  on  rotor  thrust  fraction,  compared  at  the  same  collective  angle 


Figure  3.19:  Effect  of  diffuser  angle  (contd.) 
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same  Cp.  Reducing  the  diffuser  angle  to  0°  causes  a  deterioration  in  performance, 
while  increasing  it  to  20°  causes  an  even  greater  deterioration.  The  same  conclusions 
can  be  drawn  from  the  variations  seen  in  CpSR/CpOR  at  the  same  Cp,  which  show  a 
minimum  at  9 d  =  10°;  here  too,  as  in  the  case  with  changing  lip  radius,  the  effect  is 
seen  more  clearly  at  the  higher  thrust  coefficients. 

Compared  at  the  same  collective  angle,  the  h0.6  models  again  show  minimum 
power  consumption  at  9 ^  =  10°,  while  the  <50.1  models  show  slightly  decreasing 
or  unchanging  power  consumption  when  9 d  is  increased  from  10°  to  20°.  On  the 
other  hand,  the  hO.l  models  show  a  decrease  in  Ctsr/Ctor  (at  the  same  90 )  when 
9 d  is  increased  from  10°  to  20°,  while  the  h0.6  models  show  erratic  behavior  for  this 
quantity.  Increasing  dj  from  10°  to  20°  also  causes  CVrotor  / CVOR  and  Trotor/7i;otai  to 
generally  increase,  indicating  a  decrease  in  off-loading  by  the  shroud. 

3.3. 2.4  Diffuser  length 

The  effects  of  varying  the  diffuser  length,  L d,  are  shown  in  Figures  3.20a-h. 
For  this  parameter,  data  were  available  from  one  series  of  shrouded-rotor  models: 
the  LR13-D10-h0.1  models,  with  diffuser  lengths  of  31%,  50%  and  72%  of  the  shroud 
throat  diameter. 

The  data  for  this  parameter  show  fairly  clear  improvements  in  performance 
-  increases  in  thrust  or  decreases  in  power  consumption  —  when  diffuser  length 
is  increased  from  31  %Dt  to  50%Dtl  but  less  clear  results  with  the  further  increase 
to  72 %Dt:  power  consumption  either  stays  roughly  the  same  or  increases  slightly, 
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-A-  LR13-D1 0-50.1 


Ld[%D,] 


(a)  Effect  on  CT/Cp  (b)  Effect  on  FMy/oJ 

Figure  3.20:  Effect  of  diffuser  length 


while  the  thrust  produced  stays  about  the  same,  increases  slightly,  or  even  decreases 
slightly  in  some  cases.  The  behavior  of  maximum  Cp/Cp  seems  anomalous,  showing 
a  steady  decrease  as  Ld  is  increased  from  31%_Dt  to  72 %Dt;  however,  this  is  only 
because  the  L31  model  had  measurements  made  at  9 o  =  15°  while  the  the  L50  and 
L72  models  did  not.  If,  instead,  the  value  of  Cp/Cp  at  a  collective  of  10°  is  used 
for  the  L31  model  in  the  comparison  (Figure  3.8),  as  is  the  case  for  the  other  two 
models,  then  the  variation  obtained  in  ‘maximum’  Cp/Cp  with  increasing  diffuser 
length  is  similar  to  that  seen  for  maximum  FM*.  On  the  other  hand,  performance 
improvments  are  generally  accompanied  by  an  increase  in  off-loading  of  the  rotor 
by  the  shroud;  for  this  shroud  parameter,  Cpiotor/CpOR  and  Lrotor/Ttota j  are  seen 
to  generally  increase  with  increasing  diffuser  length,  indicating  a  decrease  in  the 
off-loading.  The  reasons  for  this  behavior  is  unknown. 
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(a)  Effect  on  Ct/Cp 


(b)  Effect  on  FMy/oJ 


Figure  3.21:  Effect  of  diffuser  expansion  ratio 


3. 3. 2. 5  Diffuser  expansion  ratio 


The  diffuser  expansion  ratio,  cy,  is  a  function  of  both  the  diffuser  length  and 

r  i 2 

the  included  angle  —  crj"  =  1  +  2-^  tan  (y)  —  and  its  effects  have  therefore  been 

described  in  the  previous  two  sections  devoted  to  these  two  parameters.  However,  in 
order  to  compare  the  relative  effects  of  L d  and  9<i,  the  data  from  those  two  sections 
are  shown  together  in  Figures  3.21a-h,  this  time  explicitly  plotted  as  functions  of  a^. 
The  data  shown  are  therefore  from  four  series  of  models  in  which  the  diffuser  angle 
is  varied,  one  series  in  which  the  diffuser  length  is  varied,  and  one  additional  series 
-  the  LR13-50.8  models  —  in  which  both  angle  and  length  change  (Table  3.1). 

The  superior  performance  of  the  10-degree  diffusers,  compared  to  the  0-degree 
and  20-degree  diffusers  of  the  same  length,  is  seen  in  these  figures  as  well,  at  the 
corresponding  expansion  ratio  of  1.31.  However,  by  now  considering  the  effect  of 
changing  ac]  by  changing  the  diffuser  length,  it  appears  that  better  performance 
may  be  obtained  at  the  slightly  lower  ratio  of  1.22.  Further  reductions  in  <Jd  caused 
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Cp  =  0.002 


Cp  =  0.004 


Cp  =  0.007 


Cp  =  0.01 


(c)  Effect  on  total  thrust,  compared  at  the  same  power 


CT  =  0.01  CT  =  0.015  Ct  =  0.02 


1  1.2  1.4  1.6  1.8  1  1.2  1.4  1.6  1.8  1  1.2  1.4  1.6  1.8 


(d)  Effect  on  power,  compared  at  the  same  total  thrust 


(e)  Effect  on  total  thrust,  compared  at  the  same  collective  angle 


Figure  3.21:  Effect  of  diffuser  expansion  ratio  (contd.) 
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0-  =  10 


0-  =  20 


en  =  30 


6.  =  40 


(f)  Effect  on  power,  compared  at  the  same  collective  angle 


V°  eo  =  20  90  =  30  eo  =  40 


(g)  Effect  on  rotor  thrust,  compared  at  the  same  collective  angle 


V°  eo  =  20  90  =  30  eo  =  40 


(h)  Effect  on  rotor  thrust  fraction,  compared  at  the  same  collective  angle 


Figure  3.21:  Effect  of  diffuser  expansion  ratio  (contd.) 
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performance  to  degrade,  with  the  deterioration  due  to  reducing  Ld  occuring  at  the 
greater  rate  than  that  due  to  reducing  0d.  At  higher  power  coefficients,  the  shrouds 
appear  to  be  slightly  better  able  to  further  expand  the  flow  to  higher  era;  however, 
the  improvement  is  marginal,  and  occurs  at  collectives  higher  than  those  at  which 
maximum  power  loading  is  achieved. 

Superimposed  on  Figures  3.21c  and  3.21d  are  the  predictions  of  momentum 
theory  for  the  thrust  and  power  ratios  as  functions  of  erd  (Equations  A. 27  and  A. 28), 
but  considering  only  the  ideal  power  consumption.  It  is  clearly  seen  that,  by  consid¬ 
ering  the  actual  power  requirements  of  the  open  and  shrouded  rotors,  the  improve¬ 
ments  obtained  by  shrouding  are  substantially  greater  than  those  predicted  by  the 
theory.  Only  at  the  highest  expansion  ratios  tested,  at  which  the  diffusers  were  not 
able  to  fully  explan  the  flow,  did  the  performance  deteriorate  to  worse  than  that 
predicted  by  the  theory. 

Figure3.21h  shows  the  observed  variations  with  expansion  ratio  of  the  rotor 
thrust  fraction,  Trotor/Ttotal,  also  compared  with  the  momentum-theory  prediction. 
Unlike  the  total  thrust  and  power,  which,  at  low  values  of  crd,  do  initially  show  the 
same  increasing  or  decreasing  trends  with  increasing  expansion  ratio  that  the  theory 
predicts,  the  observed  thrust  fraction  always  increases  with  increasing  cd,  over  the 
entire  range  of  expansion  ratios  tested,  in  complete  contrast  to  the  prediction  that 
it  should  decrease  with  increasing  <rd  (Equation  A. 17).  The  reason  for  this  behavior 
is  not  known.  Of  the  two  diffuser  parameters,  changing  the  length  seems  to  have  a 
stronger  effect  on  Trotor/Ttotai  than  does  changing  the  diffuser  angle. 
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3.3. 2.6  Relative  effects  of  the  different  parameters 


The  preceding  discussions  have  shown  that,  in  general,  the  shrouded-rotor 
models  showed  deteriorating  performance  when  the  inlet  lip  radius  was  decreased, 
the  blade  tip  clearance  increased,  or  the  diffuser  expansion  ratio  increased  or  de¬ 
creased  from  a  certain  optimum  value.  It  is  of  interest  to  the  MAV  designer  to 
know,  quantitatively,  how  much  the  performance  of  a  shrouded  rotor  will  be  affected 
by  changing  the  value  of  one  or  more  of  these  shroud  parameters,  and  which  of  the 
parameters  have  the  strongest  influence  on  the  performance.  Therefore,  linear  fits 
were  applied  to  the  variations  in  three  of  the  four  performance-improvement  metrics 
-  the  shronded-rotor-to-open- rotor  ratios  of  maximum  Ct/Cp ,  of  maximum  FM*, 
and  of  thrust  coefficient  at  a  power  coefficient  of  0.004,  which  was  the  Cp  at  which 
the  greatest  gains  in  thrust  over  the  open  rotor  were  seen  —  for  each  of  the  four 
shrouded-rotor  parameters.  The  results  are  tabulated  in  Table  3.2,  in  the  form  of 
the  amount  of  increase  (‘+’)  or  decrease  (‘  —  ’)  in  each  of  the  metrics  per  unit  change 
in  the  value  of  each  shroud  parameter. 

The  numbers  show  that  the  effect  of  changing  blade  tip  clearance  becomes  more 
pronounced  as  the  other  parameters  are  changed  to  degrade  the  shrouded-rotor’s 
performance,  i.e.,  decreasing  diffuser  length,  increasing  diffuser  angle  (from  10°  to 
20°)  or  decreasing  inlet  lip  radius.  The  worsening  effect  of  increasing  6 from  10°  to 
20°  is  exacerbated  by  larger  tip  clearances,  but  is  less  affected  by  changing  the  lip 
radius.  On  the  other  hand,  decreasing  9(\  from  10°  to  0°  has  a  more  pronounced  effect 
on  the  LR13  models  than  on  the  LR09  models.  Changing  L&  seems  to  have  a  stronger 
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effect  than  that  of  changing  9 d  for  decreasing  crd,  but  a  weaker  effect  for  increasing 
ad.  In  contrast  to  the  trends  seen  for  <5tip  and  crd,  the  effect  of  changing  the  inlet  lip 
radius  seems  to  be  fairly  independent  of  the  influence  of  the  other  shroud  parameters 
-  with  the  sole  exception  of  the  D00-50.6  models.  Thus,  these  data  suggest  that, 
as  the  shroud  geometry  is  changed  from  some  optimal  configuration,  the  effects  of 
changing  any  one  of  the  geometric  parameters  becomes  more  pronounced.  In  other 
words,  it  is  not  possible  to  categorically  state  that  any  one  particular  parameter  has 
a  greater  effect  on  performance  than  any  other,  since  the  amount  of  influence  of  any 
parameter  depends  on  the  values  of  the  other  parameters.  The  exception  to  this 
seems  to  be  the  lip  radius,  changes  in  which  have  the  almost  same  effect  no  matter 
what  the  values  of  the  other  parameters  are. 
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Table  3.2:  Quantitative  evaluation  of  sensitivity  of  shrouded-rotor  performance  to  changes  in  parameter  values 
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Diffuser  length  LR13-50.1-D10  -1.20  -0.15  -  -0.21  -2.59  -0.24 


3.4  Shroud  surface  pressure  measurements 


This  section  presents  the  measurements  of  the  static  pressure  distributions 
over  the  shroud  surfaces.  The  general  characteristics  of  the  pressure  distributions, 
common  to  all  the  shroud  models,  and  of  the  consequent  forces  exerted  on  the  inlet, 
the  diffuser,  and  the  shroud  as  a  whole,  are  discussed  first,  followed  by  more  detailed 
analyses  of  the  effects  of  varying  the  individual  shroud  geometric  parameters. 

3.4.1  General  characteristics 

The  pressure  distributions  for  the  individual  shroud  models,  for  each  of  four 
different  rotor  collective  angles,  0O  =  10°,  20°,  30°  and  40°,  are  shown  in  Fig¬ 
ures  3.22b-n,  with  the  (suction)  pressure  coefficient,  —  Cp  =  (pa tm  —  p)/qtiP,  plotted 
as  a  function  of  non-dimensional  distance  along  the  shroud  surface.  The  coordinate 
system  for  the  normalized  surface  distance  coordinate,  s,  is  shown  in  Figure  3.22a. 
For  points  downstream  of  the  rotor,  i.e.,  the  shroud  diffuser,  s  is  equal  to  the  actual 
surface  distance  divided  by  the  diffuser  slant  length,  S  =  Ld/  cos(G/2),  while  for 
points  upstream  of  the  rotor,  i.e.,  the  shroud  inlet,  the  distances  are  normalized  by 
the  inlet  lip  circumference,  n  ■  r\\p.  Therefore,  s  is  equal  to  0  at  the  rotor  plane, 
+1  at  the  diffuser  exit  plane,  and  —1  at  the  outer  edge  of  the  inlet  lip.  An  angular 
coordinate,  dup,  is  also  convenient  for  discussion  of  the  pressure  distribution  over 
the  shroud  inlet,  where  dnp  =  0°  corresponds  to  the  rotor  plane  (s  =  0)  and  $iip  = 
180°  corresponds  to  the  outer  edge  of  the  inlet  lip  ( s  =  —1). 

To  better  depict  the  actual,  two-dimensional  shape  of  the  pressure  distribution, 
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(a)  Coordinate  system  for 
pressure  distribution  plots 


(b)  Model  LR13-D20-60.1 


o 

i 


(c)  Model  LR13-D20-<50.6  (d)  Model  LR13-D20-60.8 

Figure  3.22:  Shroud  surface  pressure  distributions  in  hover:  LR13-D20  models 
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(e)  Model  LR13-D10-50.1  (f)  Model  LR13-D10-60.6 


(g)  Model  LR13-D10-50.1-L50  (h)  Model  LR13-D10-50.1-L31 


(i)  Model  LR13-D10-50.8-L31  (j)  Model  LR13-D10-51.6-L31 

Figure  3.22:  Shroud  surface  pressure  distributions  in  hover  (contd.):  LR13-D10 

models 


(k)  Model  LR09-D20-50.1  (1)  Model  LR09-D00-60.6 


(m)  Model  LR06-D20-<50.1  (n)  Model  LR06-D00-50.6 

Figure  3.22:  Shroud  surface  pressure  distributions  in  hover  (contd.):  LR06  and 

LR09  models 
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each  figure  also  contains  an  inset  diagram  that  shows  the  distributions  wrapped 
around  a  sectional,  non-normalized  view  of  the  shroud’s  profile  shape,  along  with 
the  locations  of  the  pressure  taps  on  the  shroud  surface.  In  both  representations, 
the  two-dimensional  and  the  ‘unwrapped’,  the  actual  measured  values  are  shown 
by  the  symbols,  connected  by  piecewise  cubic  Hermite  interpolating  polynomials 
that  were  used  to  estimate  the  pressure  values  at  the  intermediate  locations.  These 
interpolated  distributions  were  integrated  over  the  length  of  the  shroud  profile  (s 
=  —1  to  +1),  and  around  the  azimuth  of  the  shroud  (-0  =  0°-360°)  to  obtain  the 
estimates  of  the  shroud  thrust,  Tshr0ud-  For  the  purpose  of  integration,  the  pressure 
at  the  boundary  points  —  the  onte  edges  of  the  diffuser  and  inlet  lip  —  was  assumed 
to  be  equal  to  ambient  atmospheric  pressure. 

The  most  distinctive  feature  of  all  the  pressure  distributions  is  a  region  of  very 
low  pressures  —  a  ‘suction  peak’  —  on  the  inner  surface  of  the  shroud  inlets,  just 
above  the  plane  of  the  rotor  disk  and  immediately  preceding  the  rise  in  pressure 
through  the  rotor.  All  of  the  pressure  profiles  show  an  increase  in  suction  from 
dup  =  180°  to  about  125°  (s  =  —1.0  to  —0.7),  at  which  point  the  rate  of  increase 
decreases  slightly.  This  decrease  could,  however,  be  an  artifact  of  the  imposed  end- 
condition  mentioned  above.  A  steeper  increase  is  then  seen,  to  a  suction  peak  at 
9\ip  =  50°-40°,  after  which  occurs  a  second  leveling-off  or  slight  drop,  and  then, 
except  at  a  rotor  collective  of  10°,  a  second,  stronger  suction  peak  just  above  the 
rotor  plane,  at  9np  «  20°-0°.  In  some  cases,  a  distinction  is  not  seen  between 
these  ‘primary’  and  ‘secondary’  peaks,  with  the  two  merging  into  a  single  suction 
peak.  However,  the  secondary  peak  is  always  distinctly  seen  at  9 0  =  40°,  for  all  the 
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shrouded-rotor  models.  This  secondary  peak  on  the  inlet  of  a  shrouded  rotor  has 
not  been  experimentally  observed  before;  however,  its  existence  has  been  predicted 
(Fig.  3.23)  by  the  CFD  analysis  performed  in  1993  by  Rajagopalan  and  Keys  [87]: 
Their  analysis  showed  that  because  of  the  finite  gap  between  the  blade  tips  and  the 
shroud  wall,  air  flowing  through  this  gap  from  the  higher-pressure  region  below  the 
rotor  to  the  lower-pressure  region  above,  opposite  to  the  main  flow  direction,  results 
in  the  formation  of  a  small  eddy  —  a  rudimentary  blade  tip  vortex,  essentially  —  and 
that  the  high  velocities  of  this  vortical  flow  would  create  such  a  low-pressure  region. 
Unfortunately,  because  of  the  location  of  the  rotor  at  the  shroud  throat,  the  forces 
resulting  from  these  high  suction  pressure  act  principally  radially  inwards,  rather 
than  in  the  axial  direction,  and  therefore  do  not  directly  contribute  much  useful 
thrust.  However,  by  suitably  tailoring  the  shape  of  the  shroud  inlet  profile  in  this 
region  near  the  rotor  blade  tips,  in  such  a  way  that  the  resulting  forces  are  inclined 
more  towards  the  axial  direction,  it  may  be  possible  to  harness  the  potential  of  the 
strong  secondary  suction  peak  to  produce  even  greater  amounts  of  thrust.  This  may 
be  a  fruitful  area  for  further  research. 

After  the  inlet  suction  peak(s),  a  rise  in  pressure  occurs  as  the  flow  passes 
through  the  rotor,  the  increase  being  most  abrupt  at  a  rotor  collective  of  20°.  In  the 
diffusers,  after  the  initial  rapid  increase  in  pressure  below  the  rotor  disk,  pressure 
generally  increases  gradually  to  ambient  levels  at  the  diffuser  exit.  However,  in 
the  D00  diffusers  (Figs.  3.221,  n),  the  wake  expands  to  ambient  pressure  by  about 
halfway  through  the  diffuser,  and  then  actually  shows  a  very  slight  over-pressure 
before  decreasing  back  again  to  ambient  levels. 


189 


Figure  3.23:  CFD  prediction  of  secondary  suction  peak  by  Rajagopalan  and 

Keys  [87]. 


With  increasing  collective,  the  suction  pressures  increase  over  the  entire  inlet, 
the  secondary  peak  becomes  sharper  and  stronger,  possibly  corresponding  to  an 
increase  in  strength  of  the  blade  tip  vortex,  and  the  plateau  region  in  between  the 
peaks  becomes  smaller  and  less  distinct.  In  most  cases,  the  strength  of  the  peak 
increases  monotonically  with  increasing  collective,  with  a  large  increase  seen  between 
6q  =  10°  and  20°,  and  smaller  increases  from  20°  to  40°.  However,  in  some  cases, 
the  strength  is  seen  to  decrease  from  90  =  20°  to  30°,  and  then  increase  slightly  at 
40°.  Diffuser  suction  pressures  also  increase  as  collective  is  increased  from  10°  to 
30°,  with  little  change  thereafter  as  9o  is  increased  to  40°.  The  exceptions  to  this 
trend  are  the  D10-L31  models  with  large  blade  tip  clearances  (Figs.  3.22i,  j). 
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3.4. 1.1  Inlet  thrust  distribution 


Because  of  the  dominant  nature  of  the  suction  peak  on  the  shroud  pressure 
distributions,  the  inlet  pressure  distribution  has  a  strong  influence  on  the  overall 
shroud  thrust;  it  will  be  seen  in  the  following  section  that  the  magnitude  of  the 
positive  thrust  from  the  inlet  is  four  or  more  times  the  magnitude  of  the  negative 
thrust  from  the  diffuser,  ft  is  therefore  worthwhile  to  analyze  in  more  detail  the 
characteristics  of  the  inlet  pressure  and  thrust  distributions.  It  is  immediately  ob¬ 
vious  that,  because  the  normal  vectors  to  the  inlet  surface  do  not  all  point  in  the 
thrust  (axial)  direction,  the  thrust  distributions  will  not  be  the  same  as  that  of 
the  inlet  pressure  distributions  shown  in  Figures  3.22b-n.  In  addition,  due  to  the 
compound  curvature  of  the  inlet,  the  outer  portions  of  the  two-dimensional  inlet 
profile  contribute  greater  amounts  of  area  to  the  complete,  three-dimensional  inlet 
surface  than  do  the  inner  portions,  so  that  the  amount  of  force  produced  by  the 
outer  portions  of  the  inlet  lip  are  greater  than  would  be  suggested  by  the  pressure 
distributions.  For  this  reason,  the  resultant  two-dimensional,  sectional  force  vec¬ 
tor,  Fi'nlet  (Figure  3.24),  obtained  by  integration  of  the  inlet  pressure  distribution 
over  a  single  azimuthal  section  of  the  inlet4,  does  not  yield  the  value  of  the  net  inlet 
thrust  when  simply  summed  around  the  azimuth  of  the  shroud  inlet.  In  other  words, 
FI,, let  7^  Finiet-  Even  though,  due  to  the  radial  symmetry  of  the  flow-held  in  hover, 
the  summation  results  in  the  radial  (cos(ZF)'nlet))  components  of  the  sectional  forces 
canceling  out,  leaving  a  three-dimensional  force  that  is  purely  axial,  still,  the  bias 

due  to  the  outer  portions  of  the  inlet  result  in  an  effective  axial  force  component  of 
4The  prime  denotes  that  this  is  a  two-dimensional  force. 
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Figure  3.24:  Sectional  inlet  resultant  force  vector 

the  sectional  force  that  is  greater  than  that  given  by  F'n]et  ■  sin(ZfFnlet). 

Thus,  there  are  two  ways  of  looking  at  the  inlet  thrust  distribution:  first, 
the  two-dimensional  distribution  on  a  single,  azimuthal  section  of  the  inlet,  which 
can  be  represented  by  the  magnitude  and  direction  of  the  resultant  sectional  force 
vector,  Fi/nlet ;  and  second,  a  ‘three-dimensional’  distribution  that  takes  into  consid¬ 
eration  the  additional  area  of  the  outer  portions  of  the  inlet  when  integrated  around 
the  shroud  azimuth.  Such  a  distribution  is  shown  in  Figure  3.25a,  which  plots  the 
variation  in  the  differential  inlet  thrust,  dCVinIet/ddiiP,  with  inlet  angular  coordinate, 
diip,  for  one  of  the  models,  LR13-D10-50.1,  at  four  different  rotor  collectives.  The 
relative  magnitudes  of  the  thrust  distributions  at  the  different  collectives  are  simi¬ 
lar  to  the  relative  magnitudes  seen  in  the  pressure  distributions;  therefore,  in  this 
figure,  to  better  contrast  the  shapes  of  the  distributions  at  the  different  collectives, 
the  magnitudes  are  shown  scaled  to  the  total  inlet  thrust  at  the  corresponding  col- 
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(a)  Variation  in  differential  inlet  thrust  (b)  Fractional  contribution  to  total  inlet  thrust 

Figure  3.25:  Inlet  thrust  distributions  for  model  LR13-D10-h0.1 

lective.  Comparing  these  distributions  with  those  of  the  inlet  pressures  shown  in 
Figure  3.22e,  it  can  be  seen  that  the  peak  thrust  contribution  occurs  at  8up  between 
45°  and  60°,  in  contrast  to  the  pressure  distributions  which  peak  at  d\\p  between  10° 
and  20°.  As  rotor  collective  is  increased,  the  location  of  the  peak  thrust  contribution 
moves  outwards,  to  slightly  higher  values  of  0np.  The  other  shroud  models  showed 
similar  distributions,  and  this  trend  was  noticed,  to  varying  amounts,  in  each  of 
them. 

Figure  3.25b  plots  the  fraction  of  the  total  inlet  thrust  produced  between  9up 
=  0°  and  any  other  value  of  8\\p.  This  graph  shows  that  about  80%  of  the  total 
inlet  thrust  is  produced  by  the  inner  half  of  the  inlet  lip  ($iip  =  0°  to  90°).  This 
suggests  that  the  weight  of  the  shroud  can  be  reduced  by  reducing  the  stiffness  of 
the  structure  forming  the  outer  portion  of  the  inlet  lip,  since  it  does  not  bear  a 
substantial  load.  It  is  also  seen  that  even  though  the  location  of  the  peak  thrust 
shifts  by  approximately  15°  as  rotor  collective  is  increased  (Figure  3.25a),  the  extent 
of  lip  surface  required  for  a  given  amount  of  inlet  thrust  changes  by  less  than  10° 
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(Figure  3.25b). 


3.4.2  Effects  of  changing  shroud  parameter  values 

The  effects  of  varying  the  four  shroud  geometric  parameters  —  htiP,  Hip,  #d 
and  Ld  —  on  the  pressure  distributions  and  the  consequent  shroud  forces  are  shown 
in  Figures  3.26-3.29  and  described  in  the  following  subsections.  Just  as  for  the 
performance  analyses,  multiple  series  of  model  comparisons  are  presented  for  each 
shroud  parameter  (Table  3.3).  Each  sub-figure  shows  the  comparisons  of  the  differ¬ 
ent  models  in  a  single  series.  The  plots  on  the  left-hand  side  of  each  figure  show  the 
two-dimensional  (2-D)  pressure  distributions  of  the  different  models  being  compared, 
at  four  different  collective  angles.  In  these  plots,  unlike  in  the  inset  diagrams  of  Fig¬ 
ures  3.22b-n,  the  different  linear  and  angular  dimensions  of  the  different  shrouds 
have  been  scaled  to  the  same  values,  to  enable  easier  comparison  of  the  pressure 
profiles.  The  right-hand  side  of  each  figure  shows  graphs  of  the  variations  with 
rotor  collective  of  shroud  thrust  (Crshroud),  shroud  inlet  thrust  (Crinlet),  shroud  dif¬ 
fuser  thrust  (Crdiffuser),  and  the  magnitude  (\Cr'u1p  |)  and  direction  (iCpf  )  of  the 
resultant  sectional  inlet  force  vector,  for  each  of  the  different  models  in  the  series. 
Despite  the  slightly  misleading  nature  of  this  quantity,  discussed  earlier,  specifying 
the  magnitude  and  direction  of  Fi'nlet remains  a  useful  technique  for  comparing  the 
inlet  thrust  distributions  of  the  different  shroud  models,  and  has  therefore  been 
included  in  these  analyses. 

From  the  figures,  it  can  be  seen  that  the  force  coefficients  all  generally  increase 
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Table  3.3:  Shrouded-rotor  model  comparison  series  for  analyzing  effects  of  the 


shroud  geometric  parameters  on  shroud  pressure  distributions 


Model  series  for  blade  tip  clearance 

(5tiP  values  [%Dt] 

LR13-D20 

0.09,  0.63,  0.82 

LR13-D10 

0.09,  0.63 

LR13-D10-L31 

0.09,  0.82,  1.57 

Model  series  for  inlet  lip  radius 

riip  values  [%Dt] 

D20-50.1 

6.48,  8.99,  13.1 

D00-h0.6 

6.48,  8.99 

Model  series  for  diffuser  included  angle 

9d  values  [°] 

LR13-50.1 

9.70,  20.22 

LR13-50.6 

9.70,  20.22 

Model  series  for  diffuser  length 

Ld  values  [VoDt] 

LR13-D10-50.1 

31,  50,  72 
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in  magnitude  with  increasing  collective,  up  to  around  9 o  =  30°,  and  then  level  off  or 
decrease  at  higher  collectives,  exhibiting  a  stall-like  behavior.  As  would  be  expected, 
the  variations  in  \Cp!  Y  |  and  Crinlet  are  very  similar,  and  follow  the  trends  of  the  inlet 
pressure  distributions  described  earlier.  LCp/  generally  increases  with  increasing 
collective,  because  of  the  increasing  strength  and  merging  of  the  two  suction  peaks, 
and  has  values  mostly  between  40°  and  60°.  Note  that  this  is  5-12°  lower  than  the 
location  of  the  peak  thrust  contribution  when  3-D  effects  are  included  —  compare 
Figures  3.25a  and  3.26b  for  model  LR13-D10-50.1.  The  magnitudes  of  the  diffuser 
thrust  are  at  most  only  about  26%  those  of  the  inlet  thrust,  so  the  net  shroud 
thrust  more  closely  follows  the  trends  of  the  inlet  thrust,  both  with  respect  to  rotor 
collective  and  with  respect  to  changes  in  the  shroud  geometry. 

3.4. 2.1  Blade  tip  clearance 

The  effects  of  changing  the  blade  tip  clearance,  5tip,  are  shown  in  Figure  3.26, 
with  data  available  from  three  series  of  models:  LR13-D10-L31,  LR13-D10  and 
LR13-D20  (Table  3.3).  From  the  measurements,  increasing  the  tip  clearance  was 
seen  to  have  the  following  effects: 

(i)  The  suction  pressures  on  the  inlet  lip  decrease.  This  effect  is  generally  more 
evident  at  90  =  20°  and  30°  than  at  10°  and  40°.  Because  of  the  drop  in  suction 
pressure,  the  magnitudes  of  Cp;  ,  CrinIet  and  Crshroud  decrease,  the  slopes  of 
the  initial  part  of  the  graphs  of  these  coefficients  with  respect  to  90  decrease, 
and  the  ‘stall’  behavior  of  these  quantities  changes  from  a  ‘sharper’  stall  to  a 


196 


10  20  30  40  10  20  30 

0„ [deg]  e0 [deg] 

(a)  Series  LR13-D10-L31 
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(c)  Series  LR13-D20 

Figure  3.26:  Effects  of  blade  tip  clearance  on  pressure  distribution 


more  gentle  one.  At  small  tip  clearances,  the  magnitudes  of  the  forces  increase 
up  to  a  collective  of  about  30°  and  then  decrease.  At  the  larger  tip  clearances 
tested,  the  forces  continue  to  increase  over  the  full  range  of  collectives,  albeit 
with  a  lower  slope.  At  the  intermediate  values  of  <5tip,  the  forces  decrease  in 
magnitude  at  collectives  between  20°-25°,  after  which  the  magnitude  increases 
again  from  90  =  30°  to  40°. 

(ii)  The  location  of  the  secondary  suction  peak  moves  very  gradually  towards 
the  rotor  plane  (to  lower  values  of  $iip).  This  is  most  clearly  seen  for  the 
DIO  models.  The  behavior  of  /Cp!  x  t  changes  from  increasing  with  increasing 
collective  (with  a  stall  pattern  at  higher  collectives),  to  a  more  gentle  increase, 
to  remaining  roughly  constant  with  some  fluctuations,  to  actually  decreasing 
slightly. 

(iii)  Diffuser  suction  pressures  and  |Crdiffuser|  increase  at  collectives  of  10°  and  20°. 
A  crossover  seems  to  take  place  near  90  =  30°,  so  that  the  opposite  trend  is 
seen  at  the  higher  collectives.  This  effect  of  changing  5tip  is  most  pronounced 
in  the  D10-L31  models. 

(iv)  At  collectives  of  10°  and  20°,  the  pressure  jump  through  the  rotor  plane  be¬ 
comes  less  pronounced.  This  effect  is  not  so  consistent  at  the  higher  collectives. 

3. 4. 2. 2  Inlet  lip  radius 

The  effects  of  changing  the  inlet  lip  radius,  rnp,  are  shown  in  Figure  3.27, 
with  data  from  two  series  of  models:  D00-h0.6  and  D20-h0.1  (Table  3.3).  From  the 
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(a)  Series  D00-60.6 
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(b)  Series  D20-<50.1 

Figure  3.27:  Effects  of  inlet  lip  radius  on  pressure  distribution 


measurements,  increasing  the  lip  radius  was  seen  to  have  the  following  effects: 


(i)  The  inlet  pressure  profile  becomes  less  uniform  and  more  skewed  towards  the 
inner  portion  of  the  inlet,  generally  decreasing  over  most  of  the  inlet  lip  (#iip 
=  45°-180°)  and  increasing  over  only  the  innermost  portion  (#iip  =  0°-45°), 
although  a  lot  of  small-scale  variation  is  seen.  However,  the  LR09  inlet  has 
46%  more  surface  area  than  the  LR06  inlet,  and  the  LR13  inlet  an  additional 
80%  more,  and  this  increase  in  total  inlet  surface  area  with  increasing  lip  radius 
more  than  compensates  for  the  loss  in  suction,  resulting  in  a  net  increase  in 
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(ii)  The  location  of  the  secondary  peak  shows  a  very  slight  tendency  to  move  fur¬ 
ther  upstream  away  from  the  rotor  plane,  i.e.,  to  larger  values  of  9up.  However, 
the  range  of  this  movement  is  very  small,  within  9yip  =  0°  to  30°,  so  the  in¬ 
creasing  strength  of  the  secondary  peak,  relative  to  the  decreasing  suction  on 
the  outer  portions  of  the  inlet,  still  causes  £Cp!  to  decrease,  from  ~60°  for 
the  LR06  models  to  ~45°for  the  LR13. 

(iii)  The  inlet  thrust  is  a  function  of  both  the  magnitude  and  direction  of  F'nlet, 
and  is  seen  to  increase  from  LR06  to  LR09,  and  then  decrease  slightly  from 
LR09  to  LR13. 

(iv)  In  the  diffusers,  too,  the  suction  pressures  generally  decrease.  In  the  D00- 
50.6  models,  this  has  no  effect  on  the  net  thrust  because  9d  =  0°,  but  in  the 
D20-50.1  models  it  causes  a  reduction  in  |Crdiffuaer |. 

(v)  Except  at  9 o  =  10°,  the  net  shroud  thrust  increases  with  increasing  lip  radius. 

3.4. 2.3  Diffuser  angle 

The  effects  of  changing  the  diffuser  included  angle,  9 d,  are  shown  in  Figure  3.28, 
with  data  from  two  series  of  models:  LR13-50.1  and  LR13-50.6  (Table  3.3).  From 
the  measurements,  the  following  observations  were  made: 

(i)  Although  small-scale  variations  are  seen  in  the  inlet  pressure  distributions, 
changing  the  diffuser  angle  does  not  appear  to  significantly  modify  the  inflow 
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Figure  3.28:  Effects  of  diffuser  included  angle  on  pressure  distribution 
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pattern  of  the  shrouded  rotors.  Similarly,  negligible  effect  is  seen  on  the  vari¬ 
ations  of  Cp!  and  CV  , ,  with  collective.  Below  =  25°,  the  D20  models 

inlet  inlet 

show  slightly  higher  forces,  while  above  25°,  the  forces  on  the  DIO  models  are 
higher;  however,  the  differences  are  very  small.  These  differences  are  slightly 
greater  in  the  <50.6  series  than  in  thehO.l  series. 

(ii)  For  both  series,  ZC%  lies  around  45°.  In  the  <50.1  series,  ZC%  is  slightly 
higher  for  the  DIO  model  than  for  the  D20  model.  In  the  <50.6  series,  apart 
from  the  fluctuations  in  the  values  for  the  DIO  model,  little  difference  is  seen 
in  the  mean  trends  for  the  two  models. 

(iii)  In  the  diffuser,  on  the  other  hand,  the  D20  models  consistently  show  higher 
suction  pressures.  Because  of  this,  and  also  because  of  the  greater  inclination 
of  the  their  diffuser  walls,  the  D20  models  produce  up  to  four  times  as  much 
negative  thrust  from  the  diffuser  as  the  DIO  models. 

(iv)  The  net  effect  is  that  the  DIO  models  produce  up  to  25%  to  40%  more  net 
shroud  thrust  than  the  D20  models,  with  the  improvement  seen  mostly  at 
collectives  above  20°. 

3.4. 2.4  Diffuser  length 

The  effects  of  changing  the  diffuser  length,  L^,  are  shown  in  Figure  3.29,  with 
data  from  a  single  model  series:  the  LR13-D10-<50.1  models  (Table  3.3).  From  the 
measurements,  increasing  the  diffuser  length  was  seen  to  have  the  following  effects: 
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■■■■  LR13-D1 0-80.1 -L31 
-  -  LR13-D1 0-80.1 -L50 
-  LR13-D1 0-80.1 -L72 


(b)  Series  LR13-D10-<50.1,  but  with  correct 
scaling  of  diffuser  lengths 

Figure  3.29:  Effects  of  diffuser  length  on  pressure  distribution 
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(i)  No  significant  effects  are  seen  on  the  inlet  pressure  distributions,  and  on  the 

variations  of  | Cp;  ,  CViTllet  and  CTshroud  with  rotor  collective.  The  magnitudes 

of  the  forces  decrease  slightly,  more  so  from  L31  to  L50  than  from  L50  to  L72, 
but  the  reduction  is  marginal.  Similarly,  LCp!  decreases,  but  the  overall 
decrease,  while  being  more  clear  than  the  decrease  in  the  forces,  is  still  only 
by  5°  or  less. 

(ii)  When  the  diffuser  pressure  profiles  are  compared  with  all  the  diffusers  scaled  to 
the  same  length  (Figure  3.29a),  the  shorter  diffusers  appear  to  expand  the  flow 
to  ambient  pressure  more  slowly,  and  so  have  higher  suction  pressures  exerted 
on  their  surfaces.  However,  for  this  shroud  parameter,  this  representation 

-  with  the  diffusers  all  scaled  to  the  same  length  —  is  misleading.  When 
the  pressure  distributions  are  compared  with  the  diffuser  lengths  shown  in 
correct  relation  to  each  other  (Figure  3.29b),  it  can  be  seen  that  the  initial 
rate  of  expansion,  immediately  downstream  of  the  rotor,  is  fairly  independent 
of  diffuser  length.  Further  downstream  from  the  rotor,  though,  the  longer 
diffusers  experience  higher  suction  pressures.  This,  coupled  with  the  larger 
surface  area  over  which  they  act,  causes  CVdlffuser |  to  increase  significantly  for 
the  longer  diffusers.  However,  since  it  is  an  order  of  magnitude  smaller  than 
the  inlet  thrust  coefficient,  the  net  shroud  thrust  is  not  much  affected. 
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Figure  3.30:  Effect  of  lip  radius  on  inlet  thrust  distributions 


3. 4. 2. 5  Inlet  thrust  distribution 


In  contrast  to  the  movement  of  the  secondary  suction  peak,  it  was  found  that 
increasing  the  inlet  lip  radius  caused  the  peak  thrust  location  to  move  to  lower 
values  of  9\1V>  (Fig.  3.30).  This  implies  that  for  shrouds  with  large  inlet  lip  radii, 
a  smaller  extent  of  the  inlet  lip  is  required  to  produce  a  certain  percentage  of  the 
maximum  possible  inlet  thrust,  while  for  shrouds  with  sharper  inlet  lips,  the  inlet 
needs  to  be  extended  to  larger  values  of  9\\v  to  attain  the  same  percentage  of  the 
maximum  possible  inlet  thrust. 

The  effects  of  the  other  shroud  parameters  on  the  inlet  thrust  distribution  were 
found  to  be  negligible.  Variations  were  seen  between  the  distributions  of  the  models 
with  different  tip  clearances,  but  no  consistent  trends  could  be  deduced.  As  diffuser 
length  was  increased,  a  smaller  extent  of  the  inlet  lip  was  required  for  the  same 
percentage  of  inlet  thrust,  just  as  for  increasing  lip  radius,  but  the  differences  were 
minimal.  When  diffuser  angle  was  changed,  the  LR13-50.6  models  showed  virtually 
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no  change  in  the  inlet  thrust  distribution,  while  the  LR  13-50.1  series  showed  that 
the  D20  model  required  a  smaller  lip  extent  than  the  DIO  model  —  but,  again,  by 
a  very  small  amount. 

3.5  Wake  axial  velocity  measurements 

This  section  discusses  the  measurements  made  of  the  axial  flow  velocities  in 
the  wakes  of  the  open  and  shrouded  rotors  in  hover.  The  velocity  data  are  shown 
normalized  by  the  ideal  induced  velocity  at  the  rotor  disk,  V{  (Equation  1.1,  page  16), 
while  length  dimensions  have  been  normalized  by  the  rotor  radius,  R. 

3.5.1  General  characteristics 

For  the  open  rotor,  at  a  collective  angle  of  20°,  the  flow-held  was  mapped  out 
to  a  depth  (z)  of  5  in  (1.6 R)  below  the  plane  of  the  rotor.  This  was  also  done  for  one 
of  the  shrouded  rotors,  model  LR13-D10-50.6,  at  the  same  collective  and  to  a  similar 
depth  below  the  diffuser  exit  plane.  These  measurements  are  shown  in  Figure  3.31, 
both  in  the  form  of  two-dimensional  maps  of  the  entire  wake,  with  superimposed 
dots  indicating  the  locations  at  which  the  measurements  were  made,  as  well  as  in 
the  form  of  radial  profiles  of  the  velocity  at  different  axial  stations.  Limitations  of 
the  measurement  apparatus  prevented  measurements  from  being  made  immediately 
below  the  plane  of  the  rotor  disk  in  the  case  of  the  shrouded  rotor;  however,  the 
two  sets  of  data  do  overlap  between  z/R  =  1.12  and  1.60.  Comparing  the  two 
sets  of  measurements  within  this  range,  it  is  readily  apparent  that  the  shroud  is 
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very  effective  at  improving  the  uniformity  of  the  flow  in  the  wake,  which  translates 
directly  to  lower  induced  power  for  the  shrouded  rotor,  even  though  it  is  at  a  higher 
thrust  coefficient  than  that  of  the  open  rotor  (0.0211  vs.  0.0147).  This  improvement 
in  uniformity  is  critical,  considering  the  significant  velocity  deficit  seen  in  the  core 
region  of  the  flow,  caused  by  the  lack  of  twist  in  the  rotor  blades  and  by  the  blockage 
and  viscous  losses  at  the  rotor  centerbody.5 

By  observing  the  inclination  of  the  countour  lines  in  the  figures,  it  appears 
that  the  diameter  of  the  shrouded  rotor’s  wake  remains  fairly  constant  after  exiting 
from  the  diffuser;  this  supports  the  fundamental  assumption  made  in  the  momentum 
theory  model  that  the  flow  is  fully  expanded  at  the  diffuser  exit  plane.  In  contrast, 
the  countours  in  the  wake  of  the  open  rotor  show  the  characteristic  contraction  that 
is  expected  for  this  configuration.  However,  when  compared  with  the  prediction  - 
superimposed  on  the  2-D  map  —  for  the  location  of  the  wake  boundary  as  given 
by  the  Landgrebe  model,  which  is  an  empirical  method  that  is  commonly  used  for 
conventional,  large-scale  rotors  [14,  p.  450],  these  data  seem  to  suggest  that  the 
wake  of  this  micro-scale  open  rotor  contracts  significantly  more  than  that  of  larger 
rotors.  This  hypothesis  is  supported  by  further  comparisons,  shown  in  Figure  3.32, 
of  measurements  in  the  wakes  of  hovering  MAV-scale  and  conventional-scale  rotors, 
using  data  from  other  researchers.  Figure  3.32a  shows  the  positions  of  the  blade 
tip  vortex  cores  at  different  wake  ages,  obtained  by  Hein  and  Chopra  from  flow- 
visualization  experiments  on  a  MAV-scale  rotor  [20],  while  Figure  3.32b  shows  data 

5See  also  the  flow  visualization  studies  conducted  by  Hein  and  Chopra  on  a  MAV-scale  rotor 
in  hover  [20]. 
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Axial  coordinate  [z/R] 


Radial  coordinate  [r/R]  Radial  coordinate  [r/R]  Radial  coordinate  [r/R] 

(a)  Open  rotor,  CT  =  0.0147  (b)  Shrouded-rotor  LR13-D10-<50.6,  Ct  =  0.0211 

Figure  3.31:  Rotor  wake  development  at  90  =  20° 
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from  measurements  by  Bohorquez  and  Pines  [168],  mapping  out  the  wake  of  another 
micro-rotor,  similar  to  those  done  in  this  study.  In  both  figures,  the  prediction  by 
the  Landgrebe  wake-boundary  model  has  been  superimposed.  Figure  3.32c  shows  a 
comparison  of  the  wake  profiles  at  different  axial  stations,  obtained  by  interpolation 
from  the  data  shown  in  Figure  3.31a,  with  measurements  made  by  Boatright  on  a 
full-scale  rotor  [174],  All  three  comparisons  indicate  a  greater  contraction  of  the 
wake  of  the  micro-scale  rotors  compared  to  that  of  larger  ones. 

Figure  3.31a  also  shows  that,  for  the  open  rotor,  the  peak  inflow  velocity  at 
the  plane  of  the  rotor  disk  takes  place  at  a  radial  location  of  about  0.7 R,  which  is 
much  further  inboard  compared  to  the  inflow  profiles  of  conventional-scale  rotors. 
This  suggests  that  the  blade  tip  vortices  of  MAV-scale  rotors  have  much  larger 
cores  than  do  conventional-scale  rotors.  The  flow-visualization  studies  conducted 
on  similarly-sized  micro-rotors  by  Hein  and  Chopra  [20]  and  by  Ramasamy  et  al. 
[24,  171]  resulted  in  similar  observations. 

For  the  remaining  shrouded-rotor  models  in  the  LR13-D10  ‘family’,  wake  veloc¬ 
ity  measurements  were  only  made  at  the  diffuser  exit  plane,  but  at  additional  rotor 
collective  angles  as  well.  Figure  3.33  shows  these  radial  wake  profiles  ( w/vt )  for  four 
of  the  models,  at  collectives  of  10°,  20°,  30°  and  40°,  along  with  the  momentum- 
theory  prediction,  equal  to  l/od-  It  can  be  seen  that  with  increasing  collective,  the 
wake  profile  becomes  increasingly  non-uniform,  leading  to  increased  induced  power 
losses  [14,  p.  89].  In  the  case  of  the  shortest-diffuser  models  (L31:  Figs.  3.33a,  b), 
the  pitot-probe  readings  became  negative  at  the  higher  collectives  (30°  and  40°),  in¬ 
dicating  large  deviations  in  the  flow  direction  away  from  the  axial  direction.  A  few 
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r/R  r/R 


(a)  Tip  vortex  trajectory,  MAV-scale  rotor:  Ct  (b)  Wake  structure,  MAV-scale  rotor:  Ct  = 
=  0.0241,  a  =  0.162,  Nb  =  2,  no  twist.  Data  0.0157,  er  =  0.110,  Nb  =  2,  no  twist,  9q  =  15°. 
from  [20]  Data  from  [168] 


Figure  3.32:  Comparison  of  rotor  wake  development  of  conventional-scale  and 

MAV-scale  rotors 
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(a)  LR13-D10-60.8-L31 


(b)  LR13-D 10-60. 1-L31 


Figure  3.33:  Wake  profiles  at  diffuser  exit  plane  of  shrouded  rotors 


investigatory  measurements  were  made  with  the  pitot  probe  aligned  in  the  tangen¬ 
tial  (azimuthal)  direction,  and  these  indicated  the  presence  of  large  swirl  velocities 
near  the  diffuser  wall.  These  observations  suggest  that  the  rotor  may  have  stalled  at 
these  higher  collectives.  The  longer-diffuser  models  (L50,  L72)  also  showed  the  trend 
of  decreasing  axial  velocities  near  the  shroud  wall  with  increasing  rotor  collective, 
but  in  these  cases  the  probe  measurements  did  not  become  negative. 

The  radial  variations  in  axial  velocity  can  be  integrated  to  obtain  the  value 
for  an  average  velocity  that  produces  the  same  mass  flow  through  the  diffuser  exit 
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plane.  These  average  values  —  again,  normalized  by  vt  —  are  shown  in  Fig.  3.34a, 
and  appear  to  be  fairly  close  to  the  theoretical  value  of  1/od-  However,  it  is  clear 
that  the  profiles  are  far  from  uniform,  and  the  penalty  of  this  non-uniformity  on 
the  induced  power  expenditure  of  the  rotor  can  be  quantified  by  integrating  the 
radial  distributions  of  axial  kinetic  energy,  and  dividing  the  result  by  the  ideal 
power  requirement  of  the  shrouded  rotor  (Cpt  =  C^/2 /2y/a&)  to  obtain  an  estimate 
for  the  induced  power  correction  factor,  k.  The  effect  of  increasing  collective  on 
the  estimates  of  k  thus  obtained  are  shown  in  Fig.  3.34b.  With  the  exception  of 
the  LR13-D10-50.1-L72  model,  the  lowest  value  of  k  occurs  at  a  rotor  collective  of 
20°.  At  90  =  10°,  the  LR13-D10-50.1-L72  model  shows  a  value  of  k  that  is  less 
than  1.0,  which  is  not  a  physically  realistic  solution.  The  wake  measurements  for 
this  model,  at  this  collective,  were  therefore  probably  in  error,  a  conclusion  that  is 
also  suggested  by  the  observation  that  the  wake  profile  for  this  model  at  90  =  10° 
does  not  show  quite  the  same  behavior  shown  by  those  of  the  other  models  at  that 
collective  angle  (Figs.  3.33d  and  also  3.37a). 

It  should  be  noted  that  this  derivation  of  the  estimates  for  n  did  not  include 
measurements  of  the  swirl  velocity,  and  hence  did  not  account  for  energy  lost  in 
imparting  rotational  momentum  to  the  flow  due  to  the  rearward  inclination  of  the 
lift  vectors  on  the  rotor  blade  elements.  Even  though  a  portion  of  the  swirl  in 
the  wake  is  due  to  the  profile  drag  of  the  blades,  which  would  not  be  insignificant 
at  low  Reynolds  numbers,  still,  shrouding  a  rotor  has  the  effect  of  increasing  the 
induced  inflow  angle  (hence,  the  tilt  of  the  lift  vector)  and  reducing  the  aerodynamic 
angle  of  attack  (hence,  the  profile  drag)  of  the  blade  elements,  compared  to  an  open 
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(a)  Average  wake  velocity 


(b)  Induced  power  correction  factor 


Figure  3.34:  Effects  of  collective  angle  on  induced  power 


rotor  producing  the  same  thrust  (Eq.  3.1  on  page  141).  The  true  values  of  k  would 


therefore  be  somewhat  higher  than  the  values  shown  in  these  figures. 


3.5.2  Effects  of  changing  shroud  parameter  values 
3. 5. 2.1  Blade  tip  clearance 

Figure  3.35  shows  the  effect  of  changing  blade  tip  clearance,  <5tiP,  on  the  wake 
profile  at  the  diffuser  exit  plane  of  the  shrouded  rotors.  Figures  3.35a-d  show  the 
wake  profiles  of  the  three  LR13-D10-L31  models  at  each  of  four  collective  angles, 
while  Figures  3.35e  and  3.35f  compare  the  exit  wake  profiles  of  the  LR13-D10-L31 
and  LR13-D10-L72  models,  at  a  collective  of  20°,  with  the  wake  profile  of  the  open 
rotor  at  the  same  collective  and  at  the  corresponding  distance  from  the  rotor  plane 
(z/R  =  0.62  and  1.44,  respectively).  It  can  be  seen  that  increasing  4tip  causes  the 
shrouded  rotor’s  wake  profile  becomes  less  uniform,  with  increasing  axial  velocity 
deficit  at  the  diffuser  wall,  and  become  more  like  that  of  the  open  rotor,  with  the 
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consequent  increases  in  induced  power  losses  and  the  induced  power  correction  factor 
(Fig.  3.36b).  The  average  wake  velocity  generally  decreases  (Fig.  3.36a),  and  the 
radial  location  of  peak  downwash  moves  inboard,  possibly  correlated  with  an  increase 
in  size  of  the  tip  vortex  cores. 

3. 5. 2. 2  Diffuser  length 

Figure  3.37  shows  the  effect  of  increasing  the  expansion  ratio  by  changing  dif¬ 
fuser  length,  Ld,  on  the  wake  profile  at  the  diffuser  exit  plane  of  the  three  LR13-D10- 
50.1  shrouded-rotor  models.  Figures  3.37a-d  show  the  wake  profiles  of  the  models 
at  each  of  four  collective  angles,  while  Figure  3.37e  compares  the  exit  wake  profiles, 
at  a  collective  of  20°,  with  the  wake  profiles  of  the  open  rotor  at  the  same  collective 
and  at  the  corresponding  distances  from  the  rotor  plane  —  z/R  =  0.62,  1.00  and 
1.44.  From  these  figures,  increasing  diffuser  length  is  seen  to  have  two  effects.  The 
first  is  that  the  entire  wake  profile  stretches  radially  outwards,  corresponding  to  the 
increasing  expansion  of  the  wake.  The  second  is  that  although  the  velocity  deficit 
in  the  inner,  core  region  of  the  wake  increases,  it  gets  reduced  in  the  outer  regions, 
at  the  diffuser  wall.  This  is  probably  because,  with  the  expansion  of  the  flow,  the 
higher-velocity  flow  at  the  mid-span  locations  of  the  wake  energizes  and  entrains 
the  flow  at  the  diffuser  walls.  The  net  effect  is  that  the  induced  power  correction 
factor  generally  remains  about  the  same  (Fig.  3.38b).  Although  the  peak  downwash 
velocity  decreases  in  magnitude,  the  average  velocity  also  generally  remains  about 
the  same  (Fig.  3.38a).  In  contrast,  in  the  case  of  the  open  rotor  (Figure  3.37e), 
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W  /  V.  W  /  V.  W  /  V. 


Radial  coordinate  [r/R]  Radial  coordinate  [r/R] 


(a)  Series  LR13-D10-L31,  90  =  10°  (b)  Series  LR13-D10-L31,  90  =  20° 


Radial  coordinate  [r/R]  Radial  coordinate  [r/R] 


(c)  Series  LR13-D10-L31,  60  =  30°  (d)  Series  LR13-D10-L31,  90  =  40° 


'  0  0.2  0.4  0.6  0.8  1  0  0.2  0.4  0.6  0.8  1 

Radial  coordinate  [r/R]  Radial  coordinate  [r/R] 

(e)  Series  LR13-D10-L31,  90  =  20°,  compared  (f)  Series  LR.13-D10-L72,  90  =  20°,  compared 
with  open  rotor  with  open  rotor 

Figure  3.35:  Effect  of  blade  tip  clearance  on  shrouded-rotor  exit-plane  wake  profiles 
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(b)  Induced  power  correction  factor 


Figure  3.36:  Effects  of  changing  blade  tip  clearance  on  induced  power 


with  increasing  distance  from  the  rotor  plane,  the  radial  location  of  peak  downwash 
moves  inboard,  corresponding  to  the  contraction  of  the  wake,  and  while  the  profile 
also  becomes  more  uniform  in  this  case,  it  does  so  by  the  action  of  the  higher- velocity 
mid-span  flow  entraining  both  the  outer  and  the  inner  regions  of  the  wake. 
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Radial  coordinate  [r/R] 

(b)  Series  LR13-D10-5.1,  0O  =  20° 


Radial  coordinate  [r/R] 


(d)  Series  LR13-D10-5.1,  90  =  40° 


(e)  Series  LR13-D10-8.1,  90  =  20°,  compared 
with  open  rotor 


Figure  3.37:  Effect  of  diffuser  length  on  shrouded-rotor  exit-plane  wake  prohles 


Chapter  4 


Experimental  Results:  Wind-Tunnel  Tests 
4.1  Introduction 

This  chapter  presents  the  measurements  that  were  made  in  the  translational- 
flight  tests  of  the  open  rotor  and  the  shrouded-rotor  model  LR13-D10-h0.1-L31  at  a 
rotor  collective  angle  of  20°.  With  a  shroud  chord  (equal  to  rup  +  L&)  of  44 %Dt,  this 
shrouded-rotor  model  falls  under  the  category  of  what  are  known  as  “short-chord” 
shrouds.  The  data  are  presented  in  the  form  of  the  effects  of  changing  free-stream 
velocity  (airspeed)  and  angle  of  attack  on  the  shroud  surface  pressure  distribution 
and  the  on  the  seven  performance  variables:  thrust,  normal  force,  lift,  drag,  location 
of  center  of  pressure,  pitch  moment  and  shaft  power  (Fig.  4.1).  All  quantities  are 
presented  in  non-dimensional  forms,  either  as  aerodynamic  coefficients  or,  in  the 
case  of  the  center-of-pressure  location  (xcp),  as  normalized  by  the  rotor  radius  (R). 
For  presenting  the  effects  of  airspeed,  a  non-dimensional  ‘airspeed  ratio’  parameter, 
//,  has  been  used,  defined  as: 

//  =  Voo/Q. R  (4.1) 
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Normal  Force  (N) 


Axial  Force  = 
Thrust  (T) 


/ 


Pitch  Moment  (M) 


(a)  Forces  and  moments 


/ 


“Center  of  Pressure” 


(c)  Center  of  pressure 


Figure  4.1:  Translational  flight:  variable  definitions 
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Table  4.1:  Airspeed  ratio  (//)  values  tested 


Rotational  speed 

Blade  tip  speed 

Wind  tunnel  speed 

10  ft/s 

15  ft/s 

20  ft/s 

2000  rpm 

54.5  ft/s 

0.18 

0.28 

0.37 

3000  rpm 

81.8  ft/s 

0.12 

0.18 

0.24 

4000  rpm 

109.1  ft/s 

0.09 

0.14 

0.18 

This  parameter  differs  from  the  conventional  rotor  advance  ratio,  //,  as  follows: 


/i  /i/  COS ( 0::rot.or ) 

=  n/  cos(90°  —  cc)  (4.2) 

and  from  the  conventional  propeller  advance  ratio,  J,  by  the  constant  factor  \ji\. 
At  the  higher  angles  of  attack  (cc  ~  90°),  then,  //  «  /i,  and  at  cc  =  0°,  //  =  J/n. 
The  use  of  this  parameter  makes  it  convenient  to  present,  on  a  single  graph,  the 
characteristics  of  the  rotor  at  all  angles  of  attack,  from  the  ‘propeller-mode’  or 
climbing-flight  condition  (a  =  0°)  to  the  edgewise-flight  condition  (a  =  90°),  at  all 
rotational  speeds  and  airspeeds  tested.  In  edgewise  flow,  the  maximum  value  of  ji' 
at  which  the  models  were  tested  was  0.37.  In  axial  flow,  the  models  were  tested 
up  to  n'  =  0.28  for  the  open  rotor  and  0.18  for  the  shrouded  rotor,  corresponding 
respectively  to  maximum  propeller  advance  ratios  of  0.88  and  0.57.  Table  4.1  gives 
the  values  of  //  for  each  rotational  speed  and  free-stream  velocity  tested. 
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4.2  Shroud  surface  pressure  measurements 


The  pressure-distribution  data  are  shown  in  Figures  4. 3-4. 5.  The  effect  of 
changing  airspeed  on  the  pressure  distributions  is  first  shown  in  Figures  4.3a-d,  at 
each  of  four  angles  of  attack:  0°,  30°,  60°  and  90°.  These  figures  also  include,  for 
comparison,  the  pressure  measurements  taken  on  this  model  during  the  hover  tests 
(/d  =  0).  The  effects  of  changing  angle  of  attack  are  then  presented  in  Figures  4.5a- 
c,  for  each  of  the  three  airspeeds  tested  —  10,  15  and  20  ft/s,  corresponding  to 
airspeed  ratios  of  0.12,  0.18  and  0.24.  In  each  figure,  the  measured  values  are  shown 
by  the  symbols,  joined  by  piecewise-cubic  Hermite  interpolating  polynomials.  The 
data  for  the  windward  side  of  the  shroud  (^  =  180°)  are  shown  on  the  left  side 
of  each  figure,  and  the  data  for  the  leeward  side  (ij)  =  0°)  on  the  right  side.  The 
data  are  plotted  in  coefficient  form  (C'p)  as  functions  of  the  non-dimensional  distance 
coordinate,  s,  along  the  shroud  surface.  The  s-coordinate  system  used  in  these  plots 
is  the  same  one  used  for  the  pressure-distribution  plots  in  Chapter  3,  and  is  shown 
again  for  convenience  in  Figure  4.2.  Its  origin  lies  at  the  blade  passage  region,  where 
the  inlet  and  diffuser  surfaces  meet.  The  coordinate  s  is  positive  for  points  below 
the  rotor  (the  diffuser),  and  negative  for  points  above  the  rotor  (the  inlet).  Surface 
distances  in  the  diffuser  are  normalized  by  the  diffuser  slant  length,  S,  and  in  the 
inlet  by  the  inlet  lip  circumference,  n  ■  rnp.  Therefore,  s  =  0  at  the  rotor  plane, 
s  —  +1  at  the  diffuser  exit  plane,  and  s  —  —  1  at  the  outer  edge  of  the  inlet  lip.  The 
angular  coordinate,  dup,  is  also  convenient  for  locating  points  on  the  surface  of  the 
shroud  inlet;  6\ip  =  0°  corresponds  to  the  rotor  plane  and  9\ip  =  180°  corresponds  to 
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Figure  4.2:  Coordinate  system  for  pressure  distribution  plots 
the  outer  edge  of  the  inlet  lip. 

For  better  visualization  of  the  actual  shape  of  the  pressure  distributions,  the 
data  from  Figures  4.3a-d  are  also  plotted  diagrammatically  in  a  two-dimensional 
(‘2-D’)  representation,  superimposed  on  a  sectional  view  of  the  shroud,  as  viewed 
from  the  0  =  270°  azimuth,  in  Figures  4.4a-d.  In  these  2-D  plots,  the  ‘empty’ 
symbols  represent  pressures  lower  than  ambient  atmospheric  (suction),  while  the 
solid  (filled)  symbols  represent  pressures  greater  than  ambient  (over-pressure). 

Figures  4.3a  and  4.4a  show  the  surface  pressure  measurements  in  the  axial- 
flight  condition  ( a  =  0°).  Figure  4.3a  shows  the  data  plotted  versus  the  non- 
dimensional  surface  coordinate  s,  while  Figure  4.4a  shows  the  two-dimensional  rep¬ 
resentation  of  the  pressure  distributions.  As  expected  for  this  flight  condition,  the 
pressure  distributions  are  symmetric  between  0  =  180°  and  '0  =  0°.  In  hover  (//  = 
0),  suction  pressures  (Cp  <  0)  are  seen  over  the  entire  inner  surface  of  the  shroud, 
with  the  flow  clearly  expanding  completely  to  ambient  atmospheric  pressure  at  the 
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(d)  a  =  90°  (edgewise  flow) 

Figure  4.3:  Effects  of  changing  airspeed  on  pressure  distributions,  at  fixed  angle  of 

attack 

diffuser  exit  plane  (s  —  1).  The  greatest  suction  is  seen  just  slightly  upstream  of  the 
blade  passage  region,  and  this  is  due  to  high-velocity  air  leaking  through  the  gap 
between  the  blade  tips  and  the  shroud  wall,  from  the  higher-pressure  region  below 
the  rotor  to  above  it.  The  suction  pressures  over  the  shroud  inlet  are  greater  than 
those  on  the  diffuser  wall,  and  are  the  reason  for  the  significant  thrust  contribution 
of  the  shroud  in  hovering  flight. 

In  translational  flight,  due  to  the  impingement  of  the  free-stream  air  on  the 
shroud,  stagnation  points  are  formed  on  the  most  forward  portion  of  the  shroud 
inlet  (s  =  —0.5,  $iip  =  90°),  which  faces  directly  into  the  oncoming  flow.  The 
stagnation  points,  which  separate  the  internal  and  external  flows  over  the  shroud, 
lie  at  the  center  of  regions  of  pressure  greater  than  ambient.  These  over-pressure 
regions  become  stronger  and  larger  as  airspeed  increases,  and  replace  the  suction 
pressures  seen  over  the  forward  portions  of  inlet  in  hover.  As  will  be  seen  in  the 
performance  data,  this  results  in  a  severe  reduction  in  the  thrust  produced  by  the 
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(d)  a  =  90°  (edgewise  flow) 

Figure  4.4:  Effects  of  changing  airspeed  on  pressure  distributions,  at  fixed  angle  of 

attack:  2-D  depictions 

shroud  (Figure  4.6a).  Suction  pressures  are  still  seen  near  the  blade  passage  region, 
in  the  diffuser  and  on  the  outermost  parts  of  the  shroud  inlet  (s  <  —0.7)  where 
the  external  flow  accelerates  past  the  outer  surface  of  the  shroud;  however,  these 
surfaces  are  inclined  with  their  normal  vectors  pointing  primarily  radially  inwards 
or  outwards,  and  do  not  contribute  much  to  the  vehicle  thrust. 

As  in  hover,  maximum  suction  is  seen  just  above  the  blade  passage  region,  at 
s  R2  —0.05  (#iip  ~  10°).  With  increasing  airspeed,  both  suction  and  over-pressures 
increase  in  magnitude,  and  the  location  of  the  over-pressure  region  on  the  inlet 
moves  slightly  inwards.  At  the  diffuser  exit  plane,  the  pressure  approaches  the 
ambient  atmospheric  value,  but,  unlike  in  hover,  does  not  actually  reach  it.  The 
difference  increases  with  increasing  airspeed,  and  indicates  that  further  expansion  of 
the  rotor  downwash  occurs  beyond  the  diffuser  exit  plane.  Note  that  the  assumption 
of  complete  expansion  of  the  flow  at  the  diffuser  exit  plane  is  the  cornerstone  of 
the  simple  Momentum  Theory  model  for  shrouded-rotor  analysis.  For  short-chord 
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shrouds  like  the  one  tested  in  this  investigation,  the  measurements  show  that  such 
an  assumption  may  not  be  valid. 

When  the  angle  of  attack  is  increased  to  30°  (Figures  4.3b,  4.4b),  the  region 
of  suction  pressure  expands  on  the  windward  side  of  the  shroud  (ip  =  180°)  and 
shrinks  on  the  downwind  side  (ip  =  0°),  on  both  the  inlet  and  diffuser  surfaces. 
The  stagnation  points  on  the  inlet  lie  at  approximately  s  =  —0.67  to  —0.85  (#iip  = 
120°-153°)  on  the  windward  side,  and  at  approximately  at  s  —  —0.3  to  —0.4  (#lip  = 
54°-72°),  which  coincides  with  the  direction  of  the  oncoming  free-stream  flow.  The 
stagnation  points  move  inwards  as  the  airspeed  increases,  indicating  a  decrease  in 
the  capture  area  of  the  rotor.  The  suction  pressures  on  the  windward  side  of  the  inlet 
are  seen  to  be  much  greater  than  those  in  hover;  this  is  probably  due  to  the  increased 
turning  of  the  flow  from  the  free-stream  direction  to  the  rotor  axial  direction.  On 
the  downwind  side,  suction  is  only  seen  in  small  regions  near  the  blade  tips,  over 
the  outermost  portion  of  the  inlet,  and  near  the  diffuser  exit.  Over-pressures  are 
seen  in  the  diffuser  just  below  the  rotor  disk  due  to  the  pressure  jump  through  the 
rotor.  The  extreme  asymmetry  of  the  pressure  distribution,  compared  to  the  hover 
condition,  results  in  a  strong  nose-up  pitch  moment  on  the  shrouded  rotor,  as  will  be 
seen  later  when  the  performance  measurements  are  discussed  (Figures  4. lid,  e,  g). 
As  in  the  axial-flow  case,  the  magnitudes  of  the  suction  and  over-pressures  increase 
with  increasing  airspeed.  At  the  diffuser  exit  plane,  the  flow  approaches  ambient 
pressure  levels  more  closely  on  the  downwind  surface  of  the  diffuser,  while  remaining 
considerably  lower  on  the  windward  side.  In  general,  suction  pressures  are  seen  on 
the  surfaces  of  the  shroud  that  are  oriented  away  from  the  oncoming  flow,  while 
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overpressures  are  seen  on  the  surfaces  facing  the  flow.  Similar  pressure  distributions 
would  be  expected  on  the  outer  surfaces  of  the  shroud,  where  measurements  were 
not  made.  This  aspect  of  the  pressure  dissymmetry  would  manifest  itself  as  a  force 
on  the  vehicle  perpendicular  to  the  rotor  axis  (Figures  4.7c,  e). 

As  the  angle  of  attack  is  increased  to  60°  (Figures  4.3c,  4.4c)  and  90°  (edgewise 
flow,  Figures  4.3d  and  4.4d),  the  trends  of  increasing  suction  on  the  windward  side  of 
the  shroud  and  increasing  over-pressure  on  the  downwind  side  are  seen  to  continue. 
At  these  angles,  no  stagnation  point  is  seen  to  lie  within  the  range  of  pressure  taps 
on  the  windward  side.  On  the  downwind  side,  the  stagnation  point  lies  between 
s  =  —0.2  and  —0.3  (0]ip  =  36°-54°)  at  a  =  60°,  and  near  s  =  —0.2  at  a  =  90°.  At 
a  =  90°,  suction  pressures  cover  the  entire  windward  surface  of  the  inlet,  just  like 
in  hover;  however,  the  magnitude  of  these  suction  pressures  are  now  much  greater, 
and  are  spread  more  evenly  over  the  entire  surface  instead  of  being  concentrated 
near  the  rotor  disk.  Although  large  over-pressures  are  seen  on  the  downwind  side 
of  the  inlet,  the  net  effect  is  to  increase  the  thrust  produced  by  the  shroud  over 
that  produced  in  hover.  Once  again,  this  will  be  clearly  seen  in  the  performance 
data  (Figure  4.6b).  From  a  =  60°  to  90°,  the  trend  of  increasing  magnitude  in  the 
surface  pressures  with  increasing  airspeed  is  seen  to  reverse  over  the  windward  side 
of  the  shroud  inlet.  Over  the  remaining  regions  of  the  shroud  surface,  however,  the 
trend  remains  consistent. 

The  effect  of  changing  angle  of  attack  on  the  pressure  distributions  is  more 
clearly  illustrated  in  Figures  4.5a-c,  at  each  of  the  three  airspeeds  tested.  In  each 
of  the  figures,  the  same  trends  are  seen:  with  increasing  angle  of  attack,  the  region 


230 


of  suction  pressures  on  the  windward  side  of  the  inlet  expands,  while  shrinking  on 
the  inner  portion  of  the  downwind  side.  The  maximum  suction  on  the  windward 
side  occurs  between  a  =  30°  and  60°,  and  thereafter  decreases  in  magnitude.  In  the 
diffuser,  pressure  increases  with  increasing  angle  of  attack  (i.e.,  decreasing  suction 
or  increasing  over-pressure).  On  the  windward  side  of  the  diffuser,  the  internal  flow 
recovers  most  closely  to  ambient  pressure  at  a  =  90°,  while  on  the  downwind  side,  the 
departure  from  ambient  levels  at  the  diffuser  exit  plane  is  approximately  the  same 
for  all  angles  of  attack.  At  ^  =  180°,  the  magnitude  of  the  pressure  jump  through 
the  rotor  disk  seems  to  be  unaffected  by  the  magnitude  of  the  suction  pressure  above 
the  rotor.  At  =  0°,  however,  the  magnitude  of  the  pressure  jump  decreases  with 
increasing  airspeed  and  with  increasing  a,  i.e.,  with  increasing  over-pressure  above 
the  rotor. 

4.3  Performance  measurements 

The  performance  data  are  plotted  in  Figures  4.6-4.12  as  functions  of  the  air¬ 
speed  ratio,  //,  at  constant  angle  of  attack,  for  analyzing  the  effects  of  free-stream 
velocity,  and  as  functions  of  a  at  constant  airspeed  ratio  for  analyzing  the  effects 
of  angle  of  attack.  In  all  the  graphs,  the  data  for  4000  rpm  are  shown  by  the 
solid  (filled)  symbols,  those  for  3000  rpm  by  the  shaded-gray  symbols,  and  those  for 
2000  rpm  by  the  ‘empty’  symbols.  When  the  coefficients  are  plotted  versus  // ,  it  was 
seen  that,  for  a  given  angle  of  attack,  the  values  are  nearly  independent  of  the  rotor 
rotational  speed,  and  vary  close  to  quadratically  or  cubically  with  the  airspeed  ratio. 
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Therefore,  to  more  easily  discern  the  trends  followed  by  the  variables  with  changing 
airspeed,  polynomial  fits  have  been  applied  to  the  data  for  each  angle  of  attack,  and 
these  are  shown  in  the  figures  superimposed  on  the  measured  values.  For  the  force 
coefficients  (thrust,  normal  force,  lift  and  drag),  quadratic  polynomials  were  found 
to  fit  the  data  well,  while  for  the  power  coefficient,  cubic  polynomials  gave  the  best 
fit.  For  the  pitch  moment  coefficient,  quadratic  polynomials  fit  the  data  well  at  low 
angles  of  attack  (Figures  4.11b,  d).  However,  at  the  highest  angles  of  attack  ( a  > 
75°),  cubic  polynomials  were  required  to  match  the  data  well  (Figures  4.11c,  e).  For 
the  location  of  the  center  of  pressure,  cubic  polynomials  generally  gave  the  best  fit 
(Figures  4.10b-c).  As  would  be  expected,  the  polynomial  fits  diverge  widely  beyond 
the  limits  of  the  measured  data,  in  most  cases,  and  cannot  be  considered  as  reliable 
estimates  for  extrapolation.  When  the  coefficients  are  plotted  versus  a,  no  such 
polynomial  variation  can  be  assumed,  so  the  measured  values  are  shown  connected 
by  straight-line  segments. 

For  each  of  the  seven  performance  variables,  the  discussion  of  the  measure¬ 
ments  follows  the  following  order:  the  effect  of  increasing  airspeed  on  the  open  and 
shrouded  rotors  is  compared,  in  the  climb  or  axial-flow  condition  (cc  =  0°)  and  the 
edgewise-flow  condition  ( a  =  90°),  then  the  effects  of  increasing  airspeed  at  the 
other,  intermediate  angles  of  attack  are  discussed,  and  finally  the  effects  of  changing 
angle  of  attack  at  constant  airspeed.  In  the  figures  showing  the  data  for  the  shrouded 
rotor,  the  lines  showing  the  trends  for  the  open  rotor  have  been  superimposed  for 
comparison  of  the  shrouded  and  unshrouded  cases. 
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4.3.1  Thrust 


Figure  4.6a  shows  the  thrust  of  the  open  and  shrouded  rotors  in  the  axial-flow 
condition  (a—  0°).  With  increasing  airspeed,  the  thrust  of  the  open  rotor  decreases, 
as  would  be  expected  because  of  the  increasing  inflow  while  the  rotor  remains  at 
fixed  pitch,  thereby  reducing  the  blade  section  angles  of  attack.  The  shrouded  rotor 
produces  greater  thrust  than  the  open  rotor  in  hover,  but  exhibits  a  much  faster 
drop-off  in  thrust  with  increasing  airspeed.  By  an  airspeed  ratio  of  about  0.075  ( J  = 
0.24),  the  shrouded  rotor’s  thrust  has  dropped  below  that  of  the  open  rotor.  As  was 
seen  from  the  pressure  data,  a  significant  contribution  to  this  reduction  in  thrust 
comes  from  the  collapse  of  the  suction  forces  on  the  shroud  inlet  and  the  increase  in 
over-pressure  with  increasing  airspeed.  Essentially,  the  shroud  behaves  like  a  bluff 
body  in  the  flow.  As  can  be  seen  from  Figures  2.1  (p.  108)  and  2.5  (p.  119),  the 
shroud  model  tested  has  a  section  profile  that  is  not  a  streamlined  airfoil-like  shape. 
Flow  separation  off  the  trailing  ‘edge’  of  the  diffuser  may  be  causing  substantial  base 
drag  on  the  model.  This  loss  of  shroud  thrust,  and  the  actual  creation  of  additional 
drag  by  the  shroud,  is  the  most  probably  cause  for  the  sharper  reduction  in  thrust 
of  the  shrouded  rotor,  as  compared  to  the  open  rotor. 

Figure  4.6b  shows  the  open  and  shrouded  rotors  compared  in  the  edgewise- 
flow  condition  (a  =  90°).  As  airspeed  increases,  the  in-plane  component  of  the  local 
velocity  at  the  blades  of  the  open  rotor  increases,  leading  to  an  increase  in  thrust. 
The  thrust  of  the  shrouded  rotor  also  increases  with  increasing  //,  but  at  a  seemingly 
higher  rate  than  that  of  the  open  rotor,  so  that  the  difference  between  the  open- 
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(a)  Variation  with  airspeed:  axial  flow  {a  =  0°)  (b)  Variation  with  airspeed:  edgewise  flow  ( a 
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Figure  4.6:  Translational  flight:  variations  in  thrust 
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and  shrouded-rotor  thrusts  actually  increases  with  increasing  airspeed  ratio.  This, 
as  was  mentioned  earlier,  is  probably  because  of  the  greatly  increased  suction  on 
the  windward  side  of  the  shroud  inlet. 

Figure  4.6c  shows  the  variation  of  thrust  with  airspeed  for  the  open  rotor  at  all 
angles  of  attack.  It  is  seen  that  the  change  from  decreasing  thrust  (with  increasing 
//)  to  increasing  thrust  occurs  at  an  angle  of  attack  between  60°  and  75°.  Figure  4.6d 
presents  the  data  for  the  shrouded  rotor  in  the  same  way,  with  the  trendlines  for  the 
open  rotor  from  Figure  4.6c  superimposed  for  comparison.  For  the  shrouded  rotor, 
the  change  from  decreasing  to  increasing  thrust  occurs  at  an  angle  of  attack  between 
75°  and  90°.  This  implies  that  at  a  certain  value  of  a,  which  lies  between  60°  and 
75°  for  the  open  rotor,  and  near  75°  for  the  shrouded  rotor,  the  thrust  coefficient  is 
independent  of  airspeed;  this  is  confirmed  in  Figures  4.6e  and  4.6f,  which  plot  the 
thrust  data  for  the  open  and  shrouded  rotors  versus  angle  of  attack,  for  the  different 
airspeed  ratios  tested.  These  figures  also  illustrate  how  the  thrust  decreases  as  the 
rotor  pitches  forward  from  hover  into  the  wind,  with  a  more  rapid  drop-off  as  the 
speed  of  the  relative  wind  increases.  The  shrouded  rotor  is  seen  to  experience  a 
more  rapid  drop-off  than  the  open  rotor,  at  the  same  airspeed  ratio. 

4.3.2  Normal  force 

The  normal  force  is  the  force  perpendicular  to  the  thrust  axis,  in  the  body 
frame  of  reference.  Figure  4.7a  shows  the  effect  of  increasing  airspeed  on  the  normal 
force  coefficient  of  the  open  and  shrouded  rotors  in  the  edgewise-flow  condition.  For 
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both  configurations,  Cjv  increases  with  increasing  airspeed,  but  much  more  so  for 
the  shrouded  rotor.  This  is  because  of  the  substantial  bluff-body  drag  of  the  shroud 
when  broadside  to  the  oncoming  flow,  and  also  due  to  the  ‘momentum  drag’  that 
arises  from  the  turning  of  the  flow  from  the  free-stream  direction  to  the  rotor  axial 
direction  [125]. 

Figures  4.7b  and  4.7c  show  the  variation  in  Cjv  with  /b  for  the  open  and 
shrouded  rotors  at  the  other  angles  of  attack,  and  Figures  4.7d  and  4.7e  cross-plot 
the  data  as  functions  of  a  for  different  airspeed  ratios.  At  a  =  0°  (axial  flight), 
the  normal  force  is  zero.  It  increases  with  increasing  angle  of  attack,  substantially 
more  for  the  shrouded  rotor  than  for  the  open  rotor,  before  reaching  a  maximum 
at  around  a  =  75°  for  the  open  rotor,  and  between  60°  and  75°  for  the  shrouded 
rotor,  before  decreasing  again  at  a  =  90°  (edgewise  flow).  In  general,  the  effect  of 
changing  a  is  more  pronounced  at  higher  /b,  and  for  the  shrouded  rotor  as  compared 
to  the  open  one. 

4.3.3  Lift 

Equation  2.1  (p.  118)  shows  that  at  low  a,  the  lift  coefficient  is  more  greatly 
influenced  by  the  variations  in  Cn,  while  at  high  a  it  is  more  strongly  affected  by 
the  variations  in  Ct ■  At  a  =  0°  (axial  flight),  Cl  =  C n  =  0,  while  at  a  =  90° 
(edgewise  flow),  Cl  =  Ct,  and  hence  the  variations  of  Cl  with  airspeed  for  the 
open  and  shrouded  rotors  are  given  by  Figure  4.6b. 

For  the  other  angles  of  attack,  Figures  4.8a  and  4.8b  show  that,  for  both  the 
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Figure  4.7:  Translational  flight:  variations  in  normal  force 
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shrouded  and  open  rotors,  Cl  decreases  with  increasing  //  for  a  <  45°,  and  increases 
with  increasing  //  for  a  >  60°.  Figures  4.8c  and  4.8d  show  that  lift  increases  with 
increasing  a  at  fixed  airspeed,  with  more  rapid  rises  as  the  airspeed  is  increased.  At 
any  given  airspeed  and  angle  of  attack,  the  shrouded  rotor  produces  more  lift  than 
the  open  rotor. 

4.3.4  Drag 

At  a  =  0°  (axial  flight),  Co  —  -Ct,  and  the  variations  of  drag  coefficient  with 
airspeed  for  the  open  and  shrouded  rotors  can  be  inferred  from  Figure  4.6a.  In 
climb,  the  shrouded  rotor  initially  has  lower  drag  because  of  its  greater  thrust,  but 
as  airspeed  increases,  its  drag  becomes  far  greater  than  that  of  the  open  rotor.  At 
a  =  90°  (edgewise  flow),  Co  =  Cn,  and  the  comparison  of  the  two  configurations  is 
given  by  Figure  4.7a.  Figures  4.9b  and  4.9d  show  that,  at  almost  all  flight  conditions, 
the  drag  of  the  shrouded  rotor  is  much  higher  than  that  of  the  open  rotor. 

Figures  4.9a  and  4.9b  show  that,  for  both  the  open  and  shrouded  rotors,  Co 
increases  with  increasing  /i',  more  rapidly  for  the  shrouded  rotor,  and  also  more 
rapidly  as  a  is  reduced.  For  the  open  rotor,  this  results  in  the  minimum  Co  for 
a  given  airspeed  occurring  at  a  =  0°  for  low  // ,  but  at  higher  a  for  higher  // 
(Figure  4.9c).  For  the  shrouded  rotor,  at  high  a  and  high  //,  the  drag  behavior  is 
seen  to  change,  from  increasing  with  increasing  a  to  decreasing  with  increasing  a 
(Figure  4.9d).  Although  such  behavior  is  unexpected  for  a  shrouded  rotor,  wind- 
tunnel  tests  on  annular  airfoils  [26,  55]  have  shown  a  similar  maximum  in  drag 
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coefficient  at  an  angle  of  attack  between  55°  and  75°  followed  by  a  drop-off  towards 
higher  values  of  a.  This  suggests  that  the  thrust  of  the  model  used  in  these  tests 
might  have  been  low  enough  that  the  annular-airfoil  behavior  of  the  shroud  itself 
could  be  seen  at  the  higher  angles  of  attack. 

4.3.5  Location  of  center  of  pressure 

Figure  4.10a  shows  that,  in  the  edgewise  flow  condition  (a  =  90°),  the  center 
of  pressure  moves  from  above  the  rotor  disk  (a:Cp>  0)  to  below  it  (xcp<  0)  with 
increasing  airspeed.  This,  as  is  explained  in  Reference  [125],  is  due  to  the  greater 
increase  in  bluff-body  drag,  which  scales  with  the  square  of  the  free-stream  velocity, 
compared  to  the  momentum  drag,  which  increases  linearly  with  v^.  Figure  4.10a 
also  shows  that,  at  any  given  airspeed,  the  center  of  pressure  of  the  shrouded  rotor 
lies  about  0.75 R  further  above  the  corresponding  location  for  the  open  rotor. 

The  decrease  in  xcp  with  increasing  airspeed  is  also  seen  at  the  other  angles 
of  attack,  for  both  the  open  rotor  (Figures  4.10b,  c)  and  the  shrouded  rotor  (Fig¬ 
ures  4.10d,  e).  At  fixed  // ,  with  increasing  a,  xcp  shows  a  tendency  to  move  slightly 
downstream  for  the  open  rotor,  up  to  a  ~  30°,  before  moving  upstream  again  (Fig¬ 
ure  4.10f).  For  all  but  the  lowest  airspeed  ratios,  the  center  of  pressure  lies  below  the 
rotor  disk,  which  would  lead  to  a  nose-down  pitch  moment  for  the  open  rotor.  For 
the  shrouded  rotor  (Figure  4.10g),  the  center  of  pressure  almost  always  lies  above 
the  plane  of  the  rotor  disk,  leading  to  a  nose- up  pitch  moment,  and  always  moves 
upstream  with  increasing  a. 
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(a)  Variation  with  airspeed:  edgewise  flow  (a  = 
90°) 


(b)  Variation  with  airspeed:  open  rotor, 
2nd_0rder  fit 


(c)  Variation  with  airspeed:  open  rotor, 
3ld-order  fit 


(d)  Variation  with  airspeed:  shrouded  rotor,  (e)  Variation  with  airspeed:  shrouded  rotor, 
2nd_0rder  fit  3rd-order  fit 


Figure  4.10:  Translational  flight:  variations  in  location  of  center  of  pressure 
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(f)  Variation  with  angle  of  attack:  open  rotor  (g)  Variation  with  angle  of  attack:  shrouded 

rotor 

Figure  4.10:  Translational  flight:  variations  in  location  of  center  of  pressure 

4.3.6  Pitch  moment 

The  pitch  moment,  calculated  at  the  rotor  hub,  is  the  product  of  the  normal 
force  and  the  distance  of  the  center  of  pressure  from  the  plane  of  the  rotor  disk. 
Figure  4.11a  compares  the  effect  of  increasing  airspeed  on  Cm  for  the  open  and 
shrouded  rotors,  in  the  edgewise  flow  condition  (in  axial  flow,  Cm  =  Cn  =  0).  For 
the  open  rotor,  as  airspeed  increases,  there  is  initially  a  slight  nose-up  moment  {Cm 
>  0),  which  eventually  decreases  and  becomes  a  strong  nose-down  moment  {Cm  < 
0).  This  is  because,  at  fixed  a ,  Cn  increases  with  \j!  while  xcp  decreases  from  positive 
values  to  increasingly  negative  ones  (Figures  26,  39),  so  the  maximum  product  lies 
at  some  intermediate  value  of  // .  For  the  shrouded  rotor,  on  the  other  hand,  the 
increase  in  Cn  is  roughly  matched  by  the  decrease  in  xcp,  which  remains  positive, 
so  Cm  rapidly  increases  to  large  positive  values  and  remains  roughly  steady  there 
as  n'  is  increased  further.  This  very  large  nose-up  pitch  moment  is  what  makes  it 
difficult  for  a  shrouded  rotor  to  pitch  forward  into  the  wind  to  maintain  hovering 
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position  in  a  gust,  and  also  to  maintain  a  certain  vehicle  attitude  to  provide  the 
required  thrust  for  forward  flight. 

For  the  other  angles  of  attack,  Figures  4.11b-e  show  the  variation  in  Cm  with 
n'  for  the  open  and  shrouded  rotors.  For  the  open  rotor,  as  a  decreases,  the  initial 
nose-up  moment  becomes  less  strong,  and  Cm  remains  near  zero  for  longer  before 
becoming  negative  at  higher  airspeed  ratios  (Figures  4.11b,  c).  For  the  shrouded 
rotor,  too,  as  a  decreases,  the  maximum  nose-up  moment  becomes  less,  and  Cm 
starts  to  decrease  back  towards  zero  as  /F  increases  (Figures  4. lid,  e). 

At  constant  /F ,  Cm  for  the  open  rotor  becomes  increasingly  negative  with 
increasing  a ,  at  higher  values  of  /F ,  but  at  lower  /F  this  trend  starts  to  reverse  and 
the  pitch  moment  becomes  nose-up  again  (Figure  4.  Ilf).  Equivalently,  when  the 
rotor  in  hover  experiences  a  side-gust,  at  low  gust  velocities  it  will  experience  a 
small  nose- up  moment,  while  at  high  gust  velocities,  it  will  experience  a  large  nose- 
down  moment,  which  becomes  less  strong  as  the  rotor  pitches  into  the  wind  and  a 
decreases.  For  the  shrouded  rotor  (Figure  4.11g),  Cm  is  seen  to  increase  strongly 
with  increasing  a. 

4.3.7  Power 

Figure  4.12a  compares  the  effect  of  increasing  airspeed  on  the  power  con¬ 
sumption  of  the  open  and  shrouded  rotors  in  the  climb  condition  (a  =  0°),  while 
Figure  4.12b  shows  the  open  and  shrouded  rotors  compared  in  the  edgewise-flow  con¬ 
dition  (a  =  90°).  In  axial  flow,  at  fixed  collective,  Cp  for  both  configurations  drops 
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(b)  Variation  with  airspeed:  open  rotor, 
2nd_0rder  fit 


(c)  Variation  with  airspeed:  open  rotor, 
3rd-order  fit 
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(d)  Variation  with  airspeed:  shrouded  rotor, 
2nd_0rder  fit 
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(e)  Variation  with  airspeed:  shrouded  rotor, 
3rd-order  fit 


Figure  4.11:  Translational  flight:  variations  in  pitch  moment 
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a  [deg]  a  [de9l 

(f)  Variation  with  angle  of  attack:  open  rotor  (g)  Variation  with  angle  of  attack:  shrouded 

rotor 


Figure  4.11:  Translational  flight:  variations  in  pitch  moment 

rapidly  with  increasing  // .  In  edgewise  flow,  the  power  consumption  of  the  open 
rotor  continuously  increases  with  increasing  airspeed,  while  that  of  the  shrouded 
rotor  remains  constant  np  till  about  //'  =  0.3,  and  then  appears  to  decrease.  In  both 
cases,  the  shrouded  rotor  always  consumes  less  power  than  the  open  rotor. 

Figures  4.12c  and  4.12d  show  the  variations  of  Cp  with  increasing  //'  for  the 
other  angles  of  attack.  For  the  shrouded  rotor,  Cp  decreases  at  higher  rates  as  a 
is  decreased.  For  the  open  rotor,  similar  behavior  is  seen:  as  a  is  decreased,  Cp 
increases  at  lower  rates  with  increasing  // ,  and  then  begins  to  decrease  at  higher 
rates.  Figures  4.12e  and  4.12f  show  the  data  as  functions  of  angle  of  attack.  Both 
open  and  shrouded  rotors  show  an  increase  in  power  as  a  is  increased,  with  the  rate 
of  increase  being  larger  for  higher  values  of  // .  However,  the  increase  in  Cp  is  much 
more  rapid  for  the  open  rotor  than  for  the  shrouded  rotor.  Additionally,  just  as 
for  the  thrust  coefficient,  the  power  of  the  open  rotor  appears  to  be  independent  of 
airspeed  at  an  angle  of  attack  between  60°  and  75°.  For  the  shrouded  rotor,  the 
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(d)  Variation  with  airspeed:  shrouded  rotor 
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(e)  Variation  with  angle  of  attack:  open  rotor 
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Figure  4.12:  Translational  flight:  variations  in  power 
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data  indicate  that  a  similar  independence  from  //  occurs  at  a  =  90°. 
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Chapter  5 


Vehicle  Configuration  Trade  Studies 
5.1  Introduction 

The  previous  chapters  have  shown  that,  especially  in  the  hovering- flight  con¬ 
dition,  significant  improvements  in  performance  are  attainable  by  enclosing  a  MAV- 
scale  rotor  within  a  shroud.  However,  a  serious  drawback  of  the  shrouded-rotor 
configuration  is  the  the  weight  of  the  shroud  itself,  and  it  is  imperative  to  take  this 
factor  into  consideration  when  deciding  between  the  open-rotor  and  the  shrouded- 
rotor  configurations  during  the  design  of  a  micro  air  vehicle.  In  addition,  the  addition 
of  a  shroud  increases  the  size  of  the  vehicle  —  with  an  LR13  shroud,  for  example, 
the  outer  diameter  of  the  rotor  tested  in  this  investigation  increased  from  6.3  in  to 
9.6  in.  A  trade  study  should  also  therefore  be  conducted  between  using  a  shrouded 
rotor  with  a  smaller  rotor  diameter  versus  using  an  open  rotor  with  a  larger  rotor 
diameter.  Based  on  the  data  that  were  acquired  in  this  investigation,  this  chap¬ 
ter  presents  such  trade  studies  to  determine  whether  it  is  worthwhile  to  choose 
the  shrouded-rotor  configuration  for  the  design  of  a  MAV  for  missions  consisting 
primarily  of  hovering  and  low-speed  flight. 
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5.2  Shroud  weights 


In  order  to  conduct  these  trade  studies,  estimates  are  needed  for  the  weights  of 
the  shrouds.  The  weights  of  the  shroud  models  used  in  this  investigation  —  260  g  for 
the  LR13-D10-L72,  and  130  g  for  the  LR13-D10-L31  shroud,  for  example  —  cannot 
be  used,  since  the  material  for  their  fabrication  was  chosen  from  considerations 
of  ease  of  manufacture  and  rapid-prototyping,  and  these  weights  are  therefore  not 
representative  of  the  shroud  on  an  actual  flying  MAV.  Better  estimates  can  be 
obtained  from  the  weights  of  the  shrouds  used  on  the  ‘TiFlyer’  shrouded-rotor  MAVs 
tested  and  flown  by  Sirohi  et  al.  [23]  and  Hrishikeshavan  and  Chopra  [25].  Unlike 
the  ‘solid-block’  shrouds  used  in  this  research,  these  shrouds  had  a  ‘shell’  structure 
made  from  plies  of  carbon- fiber  composite  material  (Graphite/Epoxy).  From  the 
geometry  of  these  shrouds,  the  area  density  of  the  material/construction  can  be 
calculated,  and  applied  to  the  geometries  of  the  shrouds  tested  in  this  investigation. 
Two  of  these  ‘shell’  shrouds  were  formed  from  continuous  layers  of  carbon  composite 
and  had  area  densities  of  0.51  kg/rn2  and  0.70  kg/m2,  the  difference  arising  from 
the  greater  number  of  plies  used  to  increase  the  stiffness  of  the  second  shroud.1 
Two  other  shrouds  used  a  different  construction  method:  that  of  stretching  mylar 
or  cellophane  fabric  over  a  carbon-composite  frame,  to  obtain  a  stiff  structure  while 
reducing  weight.  These  shrouds  had  area  densities  of  0.59  kg/m2  and  0.16  kg/nr, 
respectively.  For  the  trade  studies,  the  average  of  these  different  area-density  values 

—  0.49  kg/m2  —  has  been  chosen  as  the  representative  value. 

1  The  former  shroud  suffered  from  “severe  vibration  problems  . . .  traced  to  the  low  stiffness  of 
the  [shroud]  in  an  out-of-plane  torsion  mode”  and  consequent  “interference  with  the  rotor”  [23]. 
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5.3  Trade  studies 


The  three  trade  studies  described  below  have  been  conducted  making  use  of  the 
concept  of  the  generalized  figure  of  merit,  FM*  =  FM^/dJ,  which  was  introduced  in 
Chapter  3  of  this  dissertation.  Equation  (3.3)  (p.  145)  from  that  chapter  is  repeated 
here,  after  manipulating  it  so  as  to  directly  express  the  generalized  figure  of  merit 
in  terms  of  the  rotor  diameter  instead  of  the  rotor  disk  area: 


FM* 


T3/2 

PV^PD  R 


(5.1) 


Comparisons  at  stipulated  values  of  thrust,  power  or  rotor  diameter  can  thus  be  read¬ 
ily  obtained  from  the  ratios  of  the  FM*  values  of  different  rotors,  open  or  shrouded. 
As  discussed  in  Chapter  3  and  in  Appendix  B,  the  optimal  operating  point  for  any 
rotor  is  that  at  which  it  achieves  its  maximum  value  of  FM*,  and  the  comparisons  in 
these  trade  studies  have  been  made  for  the  different  rotors  operating  at  that  point. 


5.3.1  Shrouded  vs.  open,  using  the  baseline  6. 3-inch  rotor 

The  first  trade  study  compares  the  baseline,  6.3-inch-diameter  open  rotor 
tested  in  this  investigation,  which  had  a  maximum  FM*  of  0.177,  against  the  base¬ 
line  rotor  when  coupled  with  the  LR13-D10-L50  shroud,  which  had  a  maximum 
FM*  of  0.470,  the  highest  reached  by  any  of  the  shrouds  with  this  rotor.  Based 
on  a  shroud  area  density  of  0.49  kg/m2,  the  weight  of  the  shroud  works  out  to  be 
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(a)  Shrouded  vs.  open,  using  the  baseline  6.3-inch  (b)  Shrouded  vs.  open,  using  the  cambered 
rotor.  6.3-inch  rotor. 


(c)  6.3-inch  shrouded  rotor  vs.  9.5-inch  open 
rotor. 

Figure  5.1:  Trade  studies  comparing  open-  and  shrouded-rotor  configurations  for 

MAVs. 
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41  g.  Figure  5.1a  shows  plots  of  the  resulting  thrust-power  characteristics2,  calcu¬ 
lated  using  Eq.(5.1),  of  the  open  rotor,  the  shrouded  rotor,  and  the  shrouded  rotor 
after  subtracting  the  weight  of  the  shroud,  to  better  illustrate  the  net  gains  from 
shrouding.  It  can  be  seen  that  for  rotor  system  (including  also  the  transmission, 
attitude  control  devices,  electronics,  batteries  and  support  structures)  +  payload 
weights  greater  than  approximately  45  g,  the  use  of  a  shroud  provides  performance 
gains,  either  in  the  form  of  decreased  power  requirements  for  the  same  payload,  or 
increased  payload  capacity  at  the  same  power. 

5.3.2  Shrouded  vs.  open,  using  the  cambered  6. 3-inch  rotor 

The  second  trade  study  compares  the  more-efficient,  cambered  6.3-inch-diameter 
open  rotor,  which  had  a  maximum  FM*  of  0.318,  against  the  cambered  rotor  when 
coupled  with  the  LR13-D10-L31  shroud,  which  had  a  maximum  FM*  of  0.543.  How¬ 
ever,  this  shrouded-rotor  model,  as  tested,  had  a  blade  tip  clearance  of  0.3%_Dt. 
Referring  to  the  trends  for  the  LR13-D10-L31  models  given  in  Table  3.2  (p.  183), 
reducing  the  tip  clearance  to  0.1%_Dt  could  possibly  increase  the  maximum  FM* 
of  the  shrouded  rotor  by  0.1xFM*oRmax,  from  0.543  to  0.575.  This  higher  value 
has  therefore  been  considered  instead,  for  this  trade  study.  Based  on  a  shroud  area 
density  of  0.49  kg/m2,  the  weight  of  the  shroud  works  out  to  be  33  g.  As  before,  the 
thrust-power  characteristics  of  the  two  configurations  have  been  plotted,  in  Fig.  5.1b. 

With  this  rotor  and  this  shroud,  the  benefits  from  shrouding  are  obtained  at  rotor 

2These  plots  are  similar  in  appearance  to  the  Cp-versus-Cp  rotor  polars  that  were  shown  in 
Chapter  3;  however,  in  a  rotor  polar,  it  is  the  collective  angle  that  varies  as  a  parameter  along 
the  curve,  whereas  in  these  figures  shown  here,  the  collective  angle  is  constant  (at  the  point  for 
maximum  FM*)  and  the  rotor  tip  speed  varies  along  the  curve. 
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system  +  payload  weights  greater  than  approximately  70  g.  As  was  realized  earlier, 
in  Chapter  3,  the  amount  of  benefit  that  is  obtained  with  this,  more  efficient  rotor 
is  not  as  great  as  that  obtained  when  the  less  efficient,  baseline  rotor  is  used. 

5.3.3  6. 3-inch  shrouded  rotor  vs.  9. 5-inch  open  rotor 

The  final  trade  study  compares  a  shrouded  rotor  with  a  smaller  rotor  diameter 
against  an  open  rotor  with  a  larger  rotor  diameter.  For  the  9. 5-inch- diameter  open 
rotor,  a  FM*  value  of  0.460  has  been  used,  corresponding  to  the  highest  figure  of 
merit  of  0.65  achieved  by  an  open  rotor  of  this  size  [16],  which  utilized  blades  with 
camber  as  well  as  taper  and  twist.  Similarly,  for  the  smaller  rotor,  the  highest  value 
of  FM  that  has  been  achieved  at  that  size  is  0.62  [20],  corresponding  to  a  FM*  value 
of  0.438.  With  the  addition  of  a  shroud  to  such  a  rotor,  it  can  be  expected  that  a 
generalized  figure  of  merit  of  0.60  could  be  attained.  This  value  has  therefore  been 
used  for  the  6.3-inch-rotor-diameter  shrouded  rotor  in  this  trade  study.  The  thrust- 
power  characteristics  for  these  two  configurations  are  shown  in  Fig.  5.1c.  Based  on 
these  curves,  it  is  clear  that,  from  the  standpoint  of  performance  alone,  for  a  given 
overall  vehicle  size  limit,  it  is  always  preferrable  to  use  a  larger- diameter  open  rotor 
rather  than  a  smaller- diameter  shrouded  rotor.  In  the  end,  however,  it  may  be  that, 
as  in  almost  all  other  aircraft  that  have  utilized  shrouded  rotors,  it  will  be  the  safety 
benefits  of  the  shroud,  rather  than  the  potential  performance  benefits,  that  will  be 
the  deciding  reason  for  choosing  this  configuration  over  an  open  rotor. 
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Chapter  6 


Concluding  Remarks 

Micro  unmanned  aerial  vehicles  (MAVs)  have  been  predicted  to  be  the  next, 
emerging  generation  of  aerospace  systems,  with  many  potential  applications  in  both 
civilian  and  military  missions.  For  hover-capable  aircraft,  reasons  of  improved  safety, 
improved  performance,  and  potentially  lower  noise  emissions  —  compared  to  a  tradi¬ 
tional  ‘open’-rotor  design  —  have  led  to  the  shrouded-rotor  configurations  becoming 
one  of  the  most  popular  choices  in  the  design  of  vertical  take-off  and  landing  (VTOL) 
MAVs.  Although  much  work  has  been  performed  on  larger-scale  ducted  propellers 
and  shrouded  rotors,  there  existed  scarce  data  on  the  performance  of  shrouded  ro¬ 
tors  in  the  low- Reynolds- number  regime  of  MAV-scale  aircraft.  In  response  to  this 
dearth  of  reliable  information,  a  systematic,  experimental  investigation  has  been 
conducted  of  the  flight  characteristics  of  MAV-scale  aircraft  of  this  configuration. 
The  investigation  had  a  two-fold  goal:  first,  to  investigate  the  improvements  in  per¬ 
formance  that  are  achievable  from  using  the  shrouded-rotor  configuration  for  micro 
air  vehicles,  and  second,  to  aquire  a  body  of  experimental  data  that  could  be  used 
for  the  validation  of  analytical,  predictive  tools,  and  as  guidelines  in  the  design  of 
more  efficient,  more  capable  MAVs. 

The  first  phase  of  the  research  consisted  of  an  experimental  investigation  of 
the  effects  of  varying  the  shroud  profile  shape  on  the  hovering  performance  of  MAV- 
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scale  shrouded  rotors,  using  seventeen  models  with  a  throat  diameter  (Dt)  of  16  cm 
and  with  various  values  of  diffuser  expansion  angle  (dd),  diffuser  length  (Ld),  inlet 
lip  radius  (rup)  and  blade  tip  clearance  (<5up)-  The  values  of  these  shrouded-rotor 
parameters  that  were  tested  were:  from  0°  to  20°  for  the  diffuser  angle,  from  31% 
to  72 %Dt  for  the  diffuser  length,  from  6.5%  to  13 %Dt  for  the  inlet  lip  radius,  and 
from  0.1%  to  1.6%-Dt  for  the  blade  tip  clearance.  Measurements  were  made  of 
the  thrust  produced  and  mechanical  power  consumed,  and,  with  the  objective  of 
obtaining  a  better  understanding  of  the  physics  of  the  flow-held  around  this  aircraft 
configuration,  the  distributions  of  pressure  along  the  shroud  surface  and  of  the  axial 
velocities  in  the  wakes  of  the  models.  Integration  of  the  shroud  surface  pressure 
distributions  yielded  an  estimate  of  the  fraction  of  the  total  thrust  borne  by  the 
shroud  itself,  while  integration  of  the  wake  velocity  distributions  yielded  an  estimate 
for  the  induced  power  losses  of  the  shrouded  rotors.  The  results  of  the  various  tests 
were  compared  to  the  predictions  of  the  momentum-theory  analytical  model  for  a 
shrouded  rotor. 

This  was  followed  by  a  wind-tunnel  investigation  —  the  second  phase  of  the 
research  —  of  the  performance  of  the  unshrouded  (‘open’)  rotor  and  of  one  of  the 
shrouded-rotor  models  in  translational  flight.  The  fixed-collective,  rigid-rotor  mod¬ 
els  were  tested  at  tunnel  speeds  of  up  to  20  ft/s,  corresponding  to  a  maximum 
airspeed  ratio,  /j,'  =  v^/QR,  of  0.37  and  angles  of  attack  from  0°  (axial  climb  or 
‘propeller  mode’)  to  90°  (hovering  flight  in  a  cross-wind).  Measurements  were  made 
of  thrust,  shaft  power,  normal  force,  pitching  moment  and  the  pressure  distribution 
over  the  shroud  surface.  The  most  noteworthy  observations  that  resulted  from  these 
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investigations  are  summarized  below. 


6.1  Conclusions 

6.1.1  Hover:  Performance  measurements 

1.  At  rotor  collectives  above  10°,  all  shrouded-rotor  models  showed  improvements 
in  performance  over  the  isolated  (‘open’)  rotor  —  that  is,  higher  thrusts  and 
lower  power  requirements.  At  the  same  power  consumption,  increases  in  thrust 
over  the  open  rotor  by  up  to  94%  were  observed,  or,  conversely,  up  to  49% 
reductions  in  power  at  the  same  thrust,  for  the  condition  where  the  open  and 
shrouded  rotors  are  required  to  have  the  same  tip  speed.  If,  instead,  the  rotor 
disk  areas  are  required  to  be  the  same,  then  up  to  90%  increases  in  thrust  at 
the  same  power  are  obtainable,  or  up  to  62%  reductions  in  power  at  the  same 
thrust. 

2.  The  performance  improvements  of  the  shrouded  rotors  over  the  open  rotor 
obtained  in  these  tests  surpassed  those  predicted  by  momentum  theory.  This 
is  because,  in  comparing  the  two  configurations,  the  total  power  requirements 
of  the  rotors  were  considered,  whereas  momentum  theory  only  considers  the 
ideal  power  requirements.  In  other  words,  shrouding  the  rotors  had  the  effect 
of  reducing  the  non-ideal  losses  by  a  greater  extent  than  the  reductions  in 
the  ideal  losses.  This  is  an  important  benefit  for  MAV-scale  rotors,  which 
experience  much  greater  profile-power  losses  than  do  larger-scale  rotors. 
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3.  Tests  on  a  different  micro-rotor,  which  had  cambered  blades  and  better  open- 
rotor  performance  than  the  baseline  rotor,  revealed  performance  improvements 
from  shrouding  that,  although  also  surpassing  the  predictions  of  momentum 
theory,  were  not  nearly  as  remarkable  as  the  improvements  observed  with  the 
baseline  rotor. 

4.  Within  the  range  of  values  of  the  shrouded-rotor  parameters  tested,  the  opti¬ 
mal  configuration  was  that  with  <5tiP  =  0.1%_Dt,  rup  =  13 %Dt,  6 d  =  10°  and 
Ld  =  50%  to  72 %Dt.  Increasing  blade  tip  clearance,  decreasing  the  inlet  lip 
radius,  decreasing  the  diffuser  length  and  increasing  or  decreasing  the  diffuser 
angle  from  these  optimum  values  led  to  degradations  in  performance.  The  im¬ 
provement  in  performance  with  increasing  expansion  ratio  (oj),  as  predicted 
by  momentum  theory,  was  seen  to  occur  up  to  an  expansion  ratio  of  around 
1.2.  Increasing  ad  beyond  this  value,  whether  by  increasing  diffuser  length  or 
diffuser  angle,  caused  performance  to  deteriorate.  These  trends  are  similar, 
qualitatively,  to  those  seen  in  past  research  on  larger-scale  shrouded  rotors. 

5.  The  effects  of  changing  any  one  of  the  four  parameters  (<5tiP,  riip,  6d,  Ld)  on 
the  shrouded-rotors’  performance  became  more  pronounced  as  the  other  three 
parameters  were  changed  to  degrade  the  performance.  It  is  therefore  not  pos¬ 
sible  to  categorically  state  that  any  one  particular  parameter  has  a  greater 
effect  on  performance  than  any  other,  since  the  amount  of  influence  of  any 
parameter  depends  on  the  values  of  the  other  parameters.  The  exception  to 
this  seems  to  be  the  lip  radius,  changes  in  which  had  almost  same  effect  no 
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matter  what  the  values  of  the  other  parameters  are. 

Thus,  in  general,  it  would  seem  that  changing  the  value  of  any  shroud  param¬ 
eter  so  as  to  improve  performance  results  in  less  sensitivity  of  the  performance 
to  changes  in  any  of  the  other  parameters;  similarly,  improving  the  efficiency 
of  the  rotor  itself  would  seem  to  result  in  less  of  a  performance  benefit  from 
the  presence  of  a  shroud. 

6.  The  traditional  formulation  of  the  figure  of  merit  (FM)  has  been  shown  to 
be  inappropriate  for  comparing  the  efficiencies  of  open  and  shrouded  rotors  of 
different  expansion  ratios.  In  its  stead,  an  alternative,  ‘generalized’  form  of 
the  figure  of  merit,  equal  to  FM  •  or  C^2 /2Cp,  has  been  proposed,  which 
is  applicable  to  any  rotor,  shrouded  or  open. 

6.1.2  Hover:  Flow-field  measurements 

1.  Distinct  primary  and  secondary  suction-pressure  peaks  were  seen  on  the  shroud 
inlet;  this  phenomenon  has  been  predicted  by  CFD  analyses,  but  has  not  been 
previously  seen  experimentally.  The  stronger  secondary  peak  occurs  clue  to 
high-velocity  vortical  flow  that  forms  at  the  gap  between  the  blade  tips  and  the 
shroud  wall.  Tailoring  the  inlet  shape  in  this  region  such  that  the  resulting 
suction  forces  are  inclined  more  towards  the  axial  direction  can  potentially 
result  in  significant  thrust  increases. 

2.  Up  to  80%  of  the  total  inlet  thrust  was  produced  by  the  inner  half  of  the  inlet 
lips,  which  were  semi-circular  in  profile.  The  outer  portion  of  the  lip  bears 
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little  load,  and  therefore  can  be  constructed  to  be  less  stiff,  resulting  in  weight 
savings. 

3.  The  negative  thrust  from  the  diffuser  had  magnitudes  up  to  only  about  one- 
fourth  those  of  the  positive  thrust  from  the  inlet,  and  therefore  had  less  of  an 
effect  on  the  net  shroud  thrust.  This  implies  that  maintaining  attached  flow 
and  favorable  pressure  distributions  on  the  inlet  would  be  more  important 
than  doing  so  in  the  diffuser. 

4.  With  increasing  collective,  the  ability  of  the  shroud  to  successfully  off-load  the 
rotor  decreased. 

5.  Increasing  the  blade  tip  clearance  from  0.1%_Dt  to  1.6%_Dt  resulted  in  a  reduc¬ 
tion  in  inlet  suction  and  the  net  shroud  thrust. 

6.  Increasing  the  inlet  lip  radius  from  6 %Dt  to  13 %Dt  reduced  the  strength  of  the 
inlet  suction,  but,  because  of  the  simultaneous  increase  in  inlet  surface  area, 
resulted  in  a  net  increase  in  inlet  and  shroud  thrust,  and  in  greater  off-loading 
of  the  rotor. 

7.  Increasing  the  diffuser  expansion  ratio  increased  the  suction  pressures  in  the 
diffuser,  but  had  little  effect  on  the  inlet  pressure  distributions.  For  the  same 
diffuser  length,  the  20-degree  diffuser  produced  up  to  four  times  as  much 
negative  thrust  as  the  10-degree  diffuser,  with  a  consequent  20-30%  reduction 
in  net  shroud  thrust.  The  increase  in  length  of  the  10-degree  diffuser  from 
31  %Dt  to  72 %Dt,  on  the  other  hand,  while  nearly  doubling  the  negative  thrust 
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from  the  diffuser,  had  little  effect  on  the  net  shroud  thrust. 


8.  The  shrouds  were  effective  in  impoving  the  uniformity  of  the  wake  velocity  dis¬ 
tributions,  compared  to  that  of  the  open  rotor,  thus  reducing  both  the  ideal  as 
well  as  the  non-ideal  components  of  the  induced  power  expenditure.  Reduc¬ 
ing  the  blade  tip  clearance  resulted  in  greater  uniformity  and  therefore  lower 
values  of  the  induced  power  correction  factor,  k.  Increasing  the  expansion 
ratio  by  increasing  the  diffuser  length,  at  fixed  diffuser  angle,  did  not  have  a 
significant  effect  on  k. 

9.  The  diameter  of  the  wake  appeared  to  remain  fairly  constant  after  exiting  the 
diffuser,  thereby  validating  the  fundamental  assumption  of  the  momentum 
theory  model  of  a  shrouded  rotor:  that  the  flow  is  fully  expanded  at  the 
diffuser  exit  plane.  However,  because  of  the  axial  velocity  deficit  in  the  core 
of  the  wake  due  to  the  blockage  from  the  centerbody,  the  actual  achieved 
expansion  will  be  less  than  expected.  A  smooth  aft  fairing  for  the  centerbody 
is  therefore  of  great  importance. 

10.  The  wake  of  the  open  rotor  appeared  to  contract  to  a  greater  extent  than  that 
usually  seen  for  conventional-scale  rotors. 

6.1.3  Translational  flight 

1.  In  axial  flight  (cc  =  0°),  the  net  thrust  of  the  shrouded  rotor  was  initially 
greater  than  that  of  the  open  rotor,  but  rapidly  decreased  to  being  lower  than 
the  open-rotor  thrust  as  airspeed  was  increased,  possibly  because  of  the  drag 
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of  the  shroud.  The  power  consumption  of  both  configurations  also  decreased 
with  increasing  airspeed,  but  that  of  the  shrouded  rotor  always  remained  less 
than  that  of  the  open  rotor. 

2.  In  edgewise-flow  conditions  (a  =  90°),  the  thrust  of  both  the  open  and  shrouded 
rotors  increased  with  increasing  airspeed,  with  the  thrust  of  the  shrouded  ro¬ 
tor  always  remaining  higher  than  that  of  the  open  rotor.  This  was  probably 
due  to  the  large  increases  in  suction  pressure  seen  on  the  windward  side  of 
the  shroud  inlet.  The  power  consumption  of  the  open  rotor  increased  with 
increasing  airspeed,  while  that  of  the  shrouded  rotor  remained  roughly  con¬ 
stant  and  then  decreased.  The  normal  force  on  the  shrouded  rotor  increased 
much  more  rapidly  with  increasing  airspeed  than  did  that  of  the  open  rotor, 
again  probably  because  of  the  drag  of  the  shroud.  The  location  of  the  center 
of  pressure  at  which  the  normal  force  acts  generally  moved  from  above  the 
plane  of  the  rotor  disk  to  below  it,  for  both  configurations.  However,  for  the 
shrouded  rotor,  the  center  of  pressure  always  lay  approximately  0.75i?  further 
above  the  location  for  the  open  rotor.  Both  of  these  factors  contributed  to 
much  larger  nose-up  pitching  moments  for  the  shrouded  rotor  than  for  the 
open  rotor.  The  physical  basis  of  these  pitching  moments  was  clearly  seen  in 
the  extreme  asymmetry  of  the  flow-held,  with  large  suction  pressures  on  the 
windward  side  of  the  shroud  inlet  and  large  over-pressures  on  the  leeward  side. 

3.  At  an  angle  of  attack  between  60°  and  75°  for  the  open  rotor,  and  between  75° 
and  90°  for  the  shrouded  rotor,  the  data  indicate  that  the  thrust  and  power 
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coefficients  of  the  rotors  are  independent  of  the  free-stream  velocity.  At  higher 
angles  of  attack,  Cp  and  Cp  increased  with  increasing  airspeed,  while  at  lower 
angles  they  decreased  with  increasing  //. 

4.  The  normal  force  coefficient  displayed  a  stall-like  behavior  with  increasing 
angle  of  attack,  with  a  maximum  value  near  a  =  75°.  The  location  of  the 
center  of  pressure  generally  moved  from  below  the  rotor  plane  to  above  the 
rotor  plane  as  a  increased.  The  resultant  effect  was  an  increase  in  nose-up 
pitch  moment  or  a  decrease  in  nose-down  moment  with  increasing  a. 

5.  In  general,  the  addition  of  the  shroud  caused  the  effects  of  changing  airspeed 
or  angle  of  attack  on  the  rotor  forces  and  moments  to  become  stronger.  The 
variations  in  power  consumption  were  an  exception  to  this  rule. 

6.  Polynomial  curve-fits  showed  the  force  and  power  coefficients  to  vary  with 
the  square  and  cube,  respectively,  of  airspeed  ratio.  The  variations  of  the 
location  of  the  center  of  pressure  and  of  the  pitch  moment  coefficients  were 
best  approximated  with  cubic  polynomials. 

7.  At  high  tunnel  speeds  and  high  angles  of  attack,  the  shrouded  rotor  displayed 
a  decrease  in  drag  coefficient  with  increasing  a  that  is  characteristic  of  annular 
airfoils.  This  was  possibly  due  to  the  relatively  low  thrust  of  the  shrouded- 
rotor  model  tested. 

8.  The  pressure  in  the  rotor  wake  at  the  diffuser  exit  plane  more  closely  ap¬ 
proaches  ambient  atmospheric  levels  on  the  downwind  side  of  the  diffuser, 
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compared  to  the  windward  side.  At  high  airspeeds  and  at  low  angles  of  attack 
(near-axial  flow),  the  static  pressure  at  the  diffuser  exit  remains  significantly 
lower  than  ambient,  indicating  that  further  expansion  of  the  wake  takes  place 
beyond  the  diffuser.  This  observation  challenges  the  validity  of  the  fundamen¬ 
tal  assumption  of  the  momentum-theory  model  for  shrouded  rotors,  namely, 
that  the  flow  has  fully  expanded  at  the  diffuser  exit. 

6.2  Contributions  to  state  of  the  art 

The  contributions  of  this  research  to  the  state  of  the  art  lie  in  the  value  of 
the  extensive,  systematic  body  of  experimental  data  that  has  been  generated,  com¬ 
prising  both  performance  as  well  as  flow-held  measurements.  The  latter,  especially, 
have  been  instrumental  in  providing  a  better  understanding  of  the  physics  of  the 
how  around  a  MAV-scale  shrouded  rotor.  Unlike  most  previous  research  programs, 
this  data  set  contains  valuable  measurements  of  the  mechanical  power  consumption 
of  the  shrouded-rotor  models,  clarification  of  the  effects  of  increasing  power  input 
by  increasing  rotor  collective  rather  than  by  increasing  tip  speed,  data  on  the  effects 
of  interference  (or  coupling)  between  the  various  shrouded-rotor  parameters,  and 
comparisons  with  the  performance  of  the  open  rotor  over  a  collective  range  that 
spans  its  entire  operating  envelope,  thereby  enabling  comparisons  of  the  open  and 
shrouded  rotors  at  their  respective  points  of  optimal  operation,  for  a  true  estimate 
of  the  benefits  that  can  be  obtained  from  shrouding.  The  research  program  demon¬ 
strated  that  significant  improvements  in  performance  can  be  obtained  by  shrouding 
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a  rotor  at  the  MAV  scale;  however,  the  amount  of  improvement  becomes  less  when 
the  rotor  itself  is  designed  to  be  more  efficient.  In  either  case,  though,  the  measured 
improvements  were  greater  than  those  predicted  by  momentum  theory,  due  both  to 
substantial  reductions  in  the  rotor  profile  drag  as  well  as  increases  in  the  unifor¬ 
mity  of  the  wake  profiles  —  non-ideal  power  losses  that  are  not  considered  by  the 
momentum  theory.  This  is  a  significant  result,  since  the  predictions  of  momentum 
theory  are  usually  considered  to  be  upper  limits  of  attainable  performance.  The 
measurements  of  the  shroud  surface  pressure  distributions  and  wake  axial  velocity 
distributions  provide  physical  explanations  for  the  performance  variations;  a  notable 
contribution  of  the  pressure  measurements  is  the  first  known  experimental  demon¬ 
stration  of  the  secondary  suction  peak  on  the  inlet  of  the  shroud,  which  has,  so  far, 
only  been  predicted  by  CFD  analyses.  The  changes  in  the  pressure  distributions 
with  changing  airspeed  and  angle  of  attack  in  translational  flight  clearly  illustrated 
the  sources  of  the  high  drag  and  nose-up  pitch  moment  exerted  on  the  shroud  in  this 
flight  condition,  and  also  the  reason  for  the  increased  thrust  of  the  shrouded  rotor 
in  edgewise  flight.  Finally,  a  new  standard  metric,  the  ‘generalized  figure  of  merit,’ 
has  been  proposed  for  correctly  comparing  the  performances  of  open  and  shrouded 
rotors  of  different  expansion  ratios. 

In  the  end,  however,  the  air-vehicle  design  trade  studies  that  were  performed 
showed  that,  due  to  the  due  to  the  increases  in  weight  and  aircraft  size  that  result 
from  the  incorporation  of  a  shroud,  the  performance  benefits  that  would  be  obtained 
for  an  actual  aircraft  might  only  be  marginal,  and  that  the  safety  benefits  of  a 
shroud  might  be  the  principal  reason  for  choosing  this  configuration  rather  than 
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a  conventional  open-rotor  design.  Still,  the  results  of  this  research  program  are 
useful  in  that  they  show  how  the  shroud  should  be  designed  so  as  to  minimize  any 
detrimental  consequences  of  incorporating  a  shroud,  and  indeed,  how  to  obtain  the 
best  possible  performance  if  other  design  requirements  result  in  the  choice  of  the 
shrouded-rotor  configuration. 

6.3  Recommendations  for  future  work 

There  are  several  avenues  along  which  research  could  be  conducted  to  extend 
and  improve  upon  the  knowledge  gained  from  this  present  investigation.  The  most 
obvious  would  be  to  test  a  greater  number  of  values  of  each  of  the  different  shrouded- 
rotor  parameters;  in  the  hover  tests,  although  data  were  obtained  from  multiple 
series  of  models,  each  series  had  a  maximum  of  three  values  of  any  of  the  parameters 
of  interest  —  this  is  not  sufficient  for  obtaining  a  true  understanding  of  the  effects 
of  varying  those  parameters  on  performance,  and  where  the  performance  limits 
lie.  This  is  especially  true  in  the  case  of  the  diffuser  parameters  —  the  diffuser 
length  and  expansion  angle  —  for  which  the  data  showed  that  an  extreme  point 
lay  somewhere  within  the  range  of  values  tested.  As  was  done  for  the  10-degree 
diffuser,  the  20-degree  diffuser  model  should  be  cut  into  sections  to  obtain  a  shorter 
diffuser  with  the  same  expansion  ratio  as  the  longest  10-degree  diffuser;  this  would 
yield  valuable  information  on  the  relative  effects  of  expansion  angle  and  expansion 
ratio.  Such  a  test  was  planned  in  this  investigation,  but  was  not  carried  out  due 
to  time  limitations.  A  follow-up  investigation  to  this  would  be  to  test  the  effects  of 
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varying  the  values  of  the  shroud  parameters  on  the  translational-flight  performance 
of  shrouded  rotors.  For  those  tests,  it  would  also  be  worthwhile  to  measure  the 
pressure  distributions  over  the  external  surfaces  of  the  shrouds.  In  addition,  for  the 
translational-flight  tests,  shrouds  with  tapered  diffuser-exit  ‘trailing  edges’  should  be 
tested,  to  avoid  the  separation  drag  that  is  sure  to  have  occurred  on  the  models  that 
were  tested  in  this  investigation.  These  tests  should  also  be  conducted  with  a  rotor 
that  has  been  optimized  for  the  low-Reynolds-number  flight  regime,  with  blades 
that  incorporate  taper  and  twist,  and  with  thin,  cambered  airfoils  with  sharpened 
leading  and  trailing  edges. 

Another  research  avenue  that  could  be  pursued  is  the  performance  of  coaxial, 
contra-rotating  rotors  when  shrouded.  Although  most  current  shrouded-rotor  UAVs 
use  vanes  in  the  downwash  of  the  rotor  for  yaw  control  and  to  nullify  the  reaction 
torque  of  the  rotor,  it  is  possible  that  use  of  coaxial  rotors,  as  were  used  in  the 
Sikorsky  Cypher  aircraft,  could  result  in  aircraft  with  greater  capabilities  and  better 
flight  characteristics.  For  further  innovation,  a  study  of  different  inlet  lip  profile 
shapes  should  be  conducted,  not  remaining  restricted  to  simple  semi-circular  lips, 
with  one  goal  being  to  harness  the  potential  of  the  inlet  suction-pressure  peaks  for 
greater  thrust  production.  Measurements  should  be  made  of  the  inflow  velocity 
distributions,  to  supplement  those  that  have  been  made  in  the  wakes  of  the  rotors, 
and  thus  to  obtain  a  better  understanding  of  the  flow  conditions  at  the  rotor  disk. 

Finally,  efforts  should  be  made  to  develop  techniques  for  predicting  the  perfor¬ 
mance  of  shrouded-rotor  MAVs,  to  relieve  the  amount  of  experimental  testing  that 
would  otherwise  need  to  be  conducted.  This  research  direction  would,  of  course, 
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rely  heavily  upon  computational-fluid-dynamic  (CFD)  methods,  but  a  fair  amount 
of  insight  can  also  be  obtained  by  the  more  elementary  potential-flow  and  blade- 
element  methods.  For  the  latter,  a  model  for  the  effect  of  the  blade  tip  clearance 
on  the  aerodynamics  is  essential,  as  well  as  reliable  data  on  the  performance  of  the 
blade  airfoils  at  these  low  Reynolds  numbers. 
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Appendix  A 


Theoretical  Derivations 

This  appendix  provides  the  detailed  derivations  of  the  theoretical  model  used 
for  predicting  the  performance  of  a  shrouded  rotor.  The  Momentum  Theory  model 
for  the  hover  and  climb  (axial-flight)  conditions  is  first  given,  followed  by  the  Com¬ 
bined  Blade- Element-Momentum  Theory  (‘BEMT’)  model  for  the  hover  condition. 
The  derivations  shown  here  have  been  presented  for  the  principal  purpose  of  com¬ 
paring  the  aerodynamics  of  open  and  shrouded  rotors.  For  a  more  in-depth  analysis 
and  discussion  of  the  aerodynamics  of  an  open  rotor,  a  standard  textbook  such  as 
Ref.  [14]  is  recommended. 

A.l  Momentum  Theory 

The  ‘simple’  Momentum  Theory  model  of  a  rotor  is  based  on  the  conservation 
laws  of  fluid  dynamics,  and  uses  the  simplifying  assumptions  of  inviscid,  incompress¬ 
ible,  steady,  and  quasi-one-dimensional  flow.  The  rotor  is  assumed  to  impart  only 
axial  momentum  to  the  flow,  i.e.,  there  is  no  swirl  in  the  wake.  Additionally,  in  the 
case  of  a  shrouded  rotor,  the  flow  is  assumed  to  have  expanded  back  to  ambient 
atmospheric  pressure  at  the  diffuser  exit  plane. 
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I  I 

▼  T 


(b)  Shrouded  rotor 

Figure  A.l:  Flow-field  models  for  open  and  shrouded  rotors  in  hover. 
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A.  1.1  Hover 


Figure  A.l  shows  the  flow-fields  of  an  open  (unshrouded)  and  a  shrouded 
rotor  in  the  hovering-flight  condition.  Station  0  represents  the  free-stream,  infinitely 
upstream  of  the  rotor.  Stations  1  and  2,  respectively,  lie  just  above  and  below  the 
plane  of  the  rotor  disk.  Station  3  is  at  the  exit  plane  of  the  shroud’s  diffuser  or 
the  far  wake,  infinitely  downstream,  of  an  open  rotor.  The  following  identities  and 
definitions  therefore  arise: 

Velocities:  v0  =  0 

Vi  =  V'2  =  Vi 

v-i  =  w 

Areas:  A\  =  A2  =  A 

A3  =  Ae  =  adA 

Pressures:  p0  =  p3  =  patm 
A p  =  p2-  Pi 


A.  1.1.1  Open  rotor 

In  the  case  of  an  open  rotor  (‘OR’),  the  development  of  the  model  is  as  follows: 


Conservation  of  Mass: 
Conservation  of  Momentum: 
Conservation  of  Energy: 
Actuator-disk  model  of  the  rotor: 


tin  =  pAvi 

(A.l) 

Tor  =  rn{y3  -  v0)  =  fnw 

(A.2) 

PiOR  =  KE3  -  KE0  =  ^  fnw 2 

(A.3) 

T0r  =  A  pA 

(A.l) 
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PiOR  ~  ToRVi 


(A. 5) 


Actuator-disk  model  of  rotor  and  Conservation  of  Energy  (application  of  the  Bernoulli 
equation  between  stations  0  and  1,  and  between  stations  2  and  3): 


1  2  1  2 

Po  +  2^0  =  Pi  + 

1  2  1  2 

P2  +  2^2  =  P3+  2^3 


=>  Ap 


(A. 6) 


By  combining  either  equations  A. 2,  A. 3  and  A. 5,  or  equations  A.l,  A. 2,  A. 4 
and  A. 6,  the  relation  between  the  induced  velocity  at  the  rotor  disk  plane  and  in 
the  far  wake  is  obtained: 

w  =  2  Vi  (A.  7) 

Together  with  equation  A. 2,  this  gives 


Vi  = 


(A.8) 


and  from  either  equation  A. 3  or  A. 5 


/yi3/2 
p  _  1  OR 

r%OR 


y/2pA 


(A.9) 
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A.  1.1. 2  Shrouded  rotor 


In  the  case  of  a  shrouded  rotor  (‘SR’),  the  development  is  as  follows: 


Conservation  of  Mass: 

m  =  pAvi  =  pAew 

(A.10) 

Vi 

VJ  =  — 

A i 

(A.11) 

Conservation  of  Momentum: 

v 2 

Total  =  rnw  =  p  A— 

<?d 

(A.12) 

/  Tiotal 

Vl~\  PA 

(A. 13) 

Conservation  of  Energy: 

P  1  •  2  1  Avf 

Pi  =  -mw  =  - pA 

2  2  ad 

(A. 14) 

rj-,3/2 
p  _  1  total 

V^dpA 

(A. 15) 

Thus,  the  relation  A.  11  has  replaced  the  result  A. 7  derived  for  the  open  rotor,  and 
the  actuator-disk  model  of  the  rotor  was  not  required  in  order  to  derive  expressions 
for  the  induced  velocity  (eq.  A.  13)  and  induced  power  (eq.  A.  15). 

The  actuator-disk  model  is  only  required  to  derive  expressions  for  the  the 
thrust  provided  by  the  rotor  alone: 


Trotor  =  Ap  •  A  or  —  =  - pAw 2 

Vi  2 

Tmtor  _  1/2 pAw2  _ 

Total  ( pAvi)w  2  crd 

In  non-dimensional  coefficient  form,  the  various  quantities  are  expressed  as 


(A. 16) 
(A. 17) 
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follows: 


CT 

total 

^Trotor 

K 


T, 


total 


pA(tm)2 

Trotor  _  1 

~  - - ^Tfr 


pMSlK )2  2ad 


QR  ^^total 


-  Od  y/2CTrotor 


cP;  = 


Pi 


c ; 


3/2 


pA(nRf  2^ 

(JA  (yrp 

-L  rotor 


=  V2  °*cT 


(A.  18) 


(A.  19) 


-  A,  C 


t  Troto 


For  the  shrouded  rotor,  Ttotai  =  Tsr.  In  the  case  of  an  open  rotor,  Trotor  =  Ttotai  =  Tor, 
so,  from  equation  A.  17,  cq  =  1/2,  which  is  exactly  the  value  of  the  ‘expansion’  that 
momentum  theory  predicts  for  an  open  rotor  (eq.  A. 7).  Equations  A.10-A.17,  as 
well  as  the  coefficient  forms  of  the  quantities  shown  above,  therefore  apply  equally  to 
both  shrouded  and  unshrouded  (open)  rotors,  with  the  effective  value  of  1/2  being 
used  for  the  expansion  ratio  in  the  case  of  an  open  rotor. 

The  contribution  to  the  total  shrouded-rotor  thrust  provided  by  the  diffuser 
alone  can  be  found  by  applying  the  conservation  laws  to  a  control  volume  consisting 
of  the  fluid  within  the  diffuser  only.  The  control  volume  is  therefore  bounded  by 
the  diffuser  walls,  the  rotor  disk  plane  and  the  diffuser  exit  plane.  Applying  the 
momentum  equation  and  summing  the  forces  in  the  ^-direction,  where  +z  is  an 
axial  coordinate  in  the  direction  of  the  flow  (opposite  to  the  direction  of  positive 
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thrust  on  the  rotor),  we  have: 


=  ^vz(pA-v) 


=>Fdlff  +  p2A2  -  p3A3  =  —v2pA2v2  +  v3pA3v3 


where  Fdlff  is  the  force  exerted  by  the  diffuser  on  the  control  volume 


=>■ Fdiff  +  p2A  -  PatmV&A  =  —pAv\  +  po&A-^ 


os 


=> Fdiff  =  pAvi - 1  +  A(adpatm  -p2) 

\°d 


(A. 20) 


Applying  the  Bernoulli  equation  (conservation  of  energy): 


P2  +  7^2 


=►  P-2 


P3  +  7,PVl 

1  vf 

Patm  A  ~p.P  2 
A  crd 

1  2 

Patm  +  -pVt 


Substituting  eq.  A. 21  into  eq.  A. 20  and  simplifying,  we  obtain: 


Fdiff  - 


pAvf  (o~d  -  1)' 

2<Jd 


+  A(o d  -  1  )p. 


atm 


(A.21) 


(A. 22) 


Note  that  —Fdiff  is  the  force  exerted  by  the  control  volume  on  the  diffuser,  in  the  +z 
direction.  Therefore,  the  thrust  (which  is  in  the  —  z  direction)  on  the  diffuser  due  to 
the  control  volume  is  equal  to  —(—Fdlff  ).  The  net  thrust  on  the  diffuser  is  equal  to 
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the  sum  of  the  forces  (in  the  —  z  direction)  due  to  both  the  internal  control  volume 
and  the  external  atmosphere.  This  latter  quantity  is  equal  to  —patm(A 3  —  A2)  = 
—'PatrnA{(J(\  —  1).  Adding  this  to  from  eq.  A. 22,  we  have: 


Net  thrust  on  diffuser 


Tdiff  ~ 


pAvf  (<Jd  -  l)2 

2<Jd 


Making  use  of  eq.  A. 12,  we  obtain  the  final  result: 


T diffuser  (<^d  1) 

Ttotal  2<T(j 


(A. 23) 


Given  expressions  for  the  thrust  fractions  from  the  rotor  (eq.  A.  17)  and  the  diffuser 
(eq.  A. 23),  the  thrust  fraction  from  the  inlet  is  directly  obtained: 


Tinlet 


Ttotal 


Trotor 


Ttotal 


T diffuser 


Ttotal 


2 


(A. 24) 


From  eq.  A. 17,  the  thrust-sharing  between  the  shroud  and  the  rotor  is: 


F 


shroud 


T 


rotor 


l _ 2oa 

1 

2°-d 


=  (2ud  -  1) 


(A. 25) 


which  shows  that  as  the  expansion  ratio  is  increased,  the  shroud  increasingly  off¬ 
loads  the  rotor. 
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A.  1.1.3  Comparisons  of  shrouded-rotor  and  open-rotor  performance 

Expressions  A. 9  and  A.  15  describe  the  relationship  between  four  fundamental 
characteristics  of  open  or  shrouded  rotors:  thrust,  power  requirement,  rotor  disk 
area  and  (effective)  expansion  ratio.  By  taking  the  ratio  of  these  expressions: 


PiOR  V2&d  \TorJ  \Asr) 


(A. 26) 


comparisons  can  be  made  between  the  characteristics  of  open  and  shrouded  rotors, 
as  a  function  of  the  shrouded  rotor’s  expansion  ratio.  By  holding  any  two  variables 
fixed  between  the  two  configurations,  the  behavior  of  the  other  variables  can  be 
analysed.  For  example,  if  the  open  and  shrouded  rotors  are  compared,  subject  to 
the  condition  that  they  have  the  same  rotor  disk  area  (Asr  =  Aor)  and  consume 
the  same  amount  of  (ideal)  power  (Psr  =  Pqr),  then  the  following  relations  result: 


Tsr 

Tor 

T 

-1-  rotor 

=  (2  tfd)1/3 

1 

Tor 

(2ad)2/3 

ViSR 

mSR  _ 

ViOR 

m0R 

WSR 

1 

U>OR 

(2ad)V3 

(2od)2/3 


(A. 27) 


Similarly,  if  the  configurations  are  compared  when  they  are  producing  the  same  total 
amount  of  thrust  (TgR  =  Tor)  and  are  of  the  same  disk  area,  then: 


p. 

1  ISR 

P- 

1  ''■OR 


1 
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T 

-1-  rotor 

1 

Tor 

2crd 

ViSR 

msR 

ViOR 

m0R 

WSR 

1 

U>OR 

\72od 

d 


(A. 28) 


If  the  configurations  are  compared  when  they  are  producing  the  same  total  amount 
of  thrust  and  are  consuming  the  same  amount  of  ideal  power,  then: 


A 


SR 


Aor 

T 

- L  rotor 

Tor 

ViSR 

ViOR 

mSR 

mOR 

wsr 

WOR 


1 

2  <Td 

1 

2o-d 

2ad 

1 

1 


D 


SR 


D, 


OR 


V20d 


(A. 29) 


And,  if  the  configurations  are  compared  when  the  rotors  are  producing  the  same 
amount  of  thrust  (Trot0r  =  Tor)  and  are  of  the  same  disk  area,  then: 


T. 


SR 


T( 

Pi 


OR 


'SR 


Pi 


lOR 


ViSR 

ViOR 

WSR 

U’OR 


=  2  crd 

=  2  ad 

msR 

moR 

=  1 


=  2crri 


(A. 30) 
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A. 1.1.4  Pressure  distributions 


The  momentum-theory  model  can  be  used  to  obtain  a  prediction  of  the  vari¬ 
ations  in  air  pressure  through  the  flow-field  of  an  open  or  shrouded  rotor.  For  a 
hovering  rotor,  the  total  pressure  upstream  of  the  rotor  is  equal  to  ambient  at¬ 
mospheric  pressure  (patm),  while  downstream  of  the  rotor  it  is  equal  to  the  sum 
of  atmospheric  pressure  and  the  disk  loading  (DL  =  Trotm / Arotov  ~  Trotor/Athroat)- 
Expressing  the  pressures  in  terms  of  the  pressure  coefficient,  Cp)  the  following  de¬ 
velopment  is  obtained.  Upstream  of  the  rotor,  or  at  the  shroud  inlet: 


P  =  Ptotal  -  q  =  Patm  -  ~^PV 


-cp  = 


Patm  P 


(A.31) 


>2 

\pvI iP 


=  A?- 


—  (odCr)  •  (  — 
\Vi 


(A. 32) 


where  v  is  the  flow  velocity  at  any  given  axial  station  in  the  flow.  Downstream  of 
the  rotor,  or  in  the  diffuser  of  a  shroud,  the  development  is  similar: 


P  =  Ptotal  -q  =  Patm  +  DL  -  -piT 


(A. 33) 
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By  mass  conservation,  v/vl  =  Ahroat/4l,  where  A  is  the  cross-sectional  area  of 
the  flow-field  at  the  corresponding  axial  station.  Therefore,  expressions  are  needed 
for  the  shape  of  the  flow-held  boundary  as  a  function  of  distance  from  the  plane  of 
the  rotor  disk.  For  an  open  rotor  (<7d  =  1/2),  the  geometry  of  the  wake,  downstream 
of  the  rotor,  can  be  estimated  using  a  model  such  as  the  Landgrebe  wake  model 
[14,  p.  450]  —  this  was  done  for  Fig.  1.8c  on  page  19,  repeated  here  as  Fig.  A. 2 
for  convenience.  In  this  figure,  the  pressure  variation  upstream  of  the  open  rotor 
was  obtained  by  assuming  that  the  cross-sectional  area  of  the  upstream  how  varied 
‘linearly’  from  infinity  to  the  area  of  the  rotor  disk,  i.e.,  that  v/vt  varied  linearly 
from  0  to  1. 

For  a  shrouded  rotor,  the  geometry  of  the  wake  is  defined  by  the  shape  of  the 
diffuser.  For  a  conical  diffuser,  Ahroat/A  =  ( R/r )2,  where  R  is  the  radius  of  the 
shroud  throat  and  r  is  the  radius  at  any  axial  station.  For  such  a  diffuser,  r  can  be 
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Far  upstream 


Normalized  distance 


Far  wake 


Figure  A. 2:  Variations  in  pressure  in  the  hover  flow-fields  of  open  and  shrouded 

rotors,  at  the  same  thrust  coefficient. 


expressed  as: 


r  =  R  +  z  ■  (  Re  —  R ) 


(A. 35) 


where  Re  =  ydyJlR  is  the  radius  of  the  diffuser  exit  and  z  is  a  normalized  axial 
coordinate  that  varies  linearly  from  0  at  the  rotor  disk  plane  to  1  at  the  diffuser 
exit  plane  (Fig.  A. 3b).  Using  this  expression,  the  velocity  —  or  area  —  ratio, 
downstream  of  the  rotor,  is  given  by: 


^  _  A^hroat  _  1 

Vi~  A  ~  [l  +  z(v^-l)]2 


(A. 36) 


For  the  inlet,  the  inflow  geometry  can  be  defined  using  the  ‘sphere-cap’  model 
proposed  by  Dyer  [123],  illustrated  in  Fig.  A. 3.  A  sphere  cap  is  the  surface  obtained 
when  a  spherical  shell  is  intersected  by  a  plane,  and  the  portion  of  the  shell  above 
that  plane  (the  ‘base  plane’)  is  considered  (Fig.  A. 3a).  The  base  plane  may  he  either 
above  or  below  the  center  of  the  sphere.  Applied  to  an  inlet  flow  model,  a  sphere 
cap  is  used  to  represent  a  potential  surface,  normal  to  which  are  the  streamlines  of 
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(a)  Sphere  cap  geometry.  (b)  Sphere  cap  geometry  applied  to  shroud  inlet. 

Figure  A. 3:  Sphere-cap  model  for  inlet  flow  geometry  of  a  shrouded  rotor. 


the  flow.  The  sphere  caps,  shown  in  cross-section  by  the  dashed  line  in  Fig.  A. 3b, 
are  centered  on  the  shroud  axis  and  intersect  the  inlet  lip  surface  at  right  angles. 
The  line  of  intersection  is  a  circle  that  represents  the  base  plane  of  the  sphere  cap. 
The  surface  area  of  a  sphere  cap  is  given  by  the  equation: 


Acap  =  2Trrch  =  n(rl  +  h 2) 


(A. 37) 


where  r<y  is  the  radius  of  the  sphere,  h  is  the  height  of  the  sphere  cap,  and  r\  is  the 
radius  of  the  base  circle.  Applied  to  a  shroud  inlet,  ri  and  h  are  given  by: 


ri  =  rc  sin  9  =  R  +  rlip(l  —  cos  9)  (A. 38) 

h  =  rc(  1  —  cos  9)  =  — (1  —  cos  9)  (A. 39) 

sm  9 

where  9  is  an  inlet  angular  coordinate  that  varies  from  0°  at  the  throat  to  180°  at 
the  outer  edge  of  the  inlet  lip.  Using  these  expressions,  the  velocity  and  area  ratios, 
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upstream  of  the  rotor,  are  given  by: 


^  ^throat 

^  l  -^cap 


[l  +  ^(l-cos#)]V  l  +  (i=^)2 


(A. 40) 


Equations  (A. 40)  and  (A. 36)  can  now  be  substituted  into  Eqs.  (A. 32)  and  (A. 34),  re¬ 
spectively,  to  obtain  the  pressure  distributions  over  the  inlet  and  diffuser  surfaces  of 
a  shroud,  as  a  function  of  the  inlet  lip  radius,  diffuser  expansion  ratio  and  thrust  co¬ 
efficient.  Figure  A. 4  shows  such  predictions  of  pressure  distributions,  while  Fig.  A. 5 
compares  these  theoretical  predictions  with  the  experimentally  measured  distribu¬ 
tions  for  shrouded-rotor  models  LR06-D00-50.6  and  LR13-D20-50.8.  In  Figure  A. 5, 
the  theoretical  distributions  were  generated  using  the  experimentally-measured  val¬ 
ues  of  Ct  for  the  shrouded  rotors  at  the  different  rotor  collectives.  It  can  be  seen 
that  the  theoretical  model  qualitatively  captures  the  general  shape  of  the  pressure 
distributions  quite  well,  but  under-predicts  the  strength  of  the  suction  peak  on  the 
inlet  lip.  The  prediction  is  a  little  closer  to  the  experimental  values  in  the  case  of  the 
model  with  the  larger  tip  clearance  (Fig.  A. 5b);  this  correlates  well  with  the  obser¬ 
vation,  described  in  Chapter  3,  that  decreasing  the  tip  clearance  causes  an  increase 
in  the  inlet  suction.  It  is  therefore  quite  probable  that  incorporating  a  theoretical 
model  for  the  effect  of  the  tip  clearance  on  the  pressure  distributions  would  improve 
the  predictions. 

Finally,  the  values  of  the  pressure  just  above  and  below  the  plane  of  the  rotor 
disk  (stations  1  and  2  in  Fig.  A.l)  are  obtained  by  setting  v  =  Vi  in  Eqs.  (A. 32)  and 
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(a)  Effect  of  inlet  lip  radius;  Ct  =  0.02,  o-d=  (b)  Effect  of  diffuser  expansion  ratio;  Ct  =  0.02, 
1.25.  rlip=  13  %Dt. 


(c)  Effect  of  thrust  coefficient;  ri;p=  13%Dt,  crd= 

1.25. 

Figure  A. 4;  Theoretical  predictions  of  shrouded-rotor  surface  pressure 

distributions. 
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(a)  Model  LR06-D00-50.6.  (b)  Model  LR13-D20-J0.8. 

Figure  A. 5:  Shroud  surface  pressure  distributions:  comparison  of  theory  with 

experimental  measurements. 


(A. 34),  to  obtain: 


Pi  =  Patm  -  DL  •  (ad2)  (A. 41) 

P2  =  Patm  -  DL  •  (crj  -  1)  (A. 42) 

Substituting  the  value  of  1/2  for  acj  in  these  equations  results  in  the  familiar  expres¬ 
sions  (patm  —  DL/4)  and  (patm  +  3DL/4),  respectively,  for  an  open  rotor.  Figure  A. 6 
shows  the  effect  of  increasing  the  expansion  ratio  on  the  (suction)  pressures  at  the 
rotor  disk  plane,  above  and  below  the  rotor  disk,  at  fixed  total  thrust.  The  decreas¬ 
ing  distance  between  the  two  lines  illustrates  the  reduction  in  thrust  borne  by  the 
rotor  itself  (Trotor)  with  increasing  era- 
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Figure  A. 6:  Effect  of  expansion  ratio  on  pressures  at  the  rotor  disk  plane;  Ct  — 

0.02. 

A.  1.2  Climb  (Axial  Flight) 

The  development  of  the  climb  model  parallels  that  for  the  hover  condition, 
with  the  difference  that  the  velocities  at  the  different  stations  in  Fig.  A.l  are  now 
incremented  by  the  climb  velocity,  Vc : 

v0  =  Vc 

v i  =  v2  =  Vc  +  Vi 

v3  =  Vc  +  w  (A. 43) 

Therefore,  for  an  open  rotor: 


Conservation  of  mass: 

tin  =  pA(Vc  +  V[) 

(A. 44) 

Conservation  of  momentum: 

Tor  =  m(v3  -  v0)  =  mw 

(A. 45) 

Conservation  of  energy: 

For  =  \rn(Vc  +  wf  -  ^mFc2 

(A. 46) 

=  -fnw{w  +  2VC) 
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(A. 47) 


Actuator-disk  model:  Pion  =  Tor(K.  +  u) 


Solving  Eqs.  (A. 45),  (A. 46)  and  (A. 47)  yields: 


w  =  2vi  (A. 48) 


which  is  the  same  result  as  for  the  hover  condition.  Using  this  result  with  Eqs.  (A. 44) 
and  (A. 45)  yields  the  formula  for  the  ideal  induced  velocity  at  the  rotor  disk: 


^_E  +  ./fjiY2  +  1 

Vh  2uh  y  \2vh  J 


(A. 49) 


where  r?h  =  \/To^/2pA  is  the  ideal  induced  velocity  at  the  rotor  in  the  hover 
condition  (cf.  Eq.  (A.8)).  Note  that  the  ‘effective’  expansion  ratio  for  the  open 
rotor  is  no  longer  equal  to  1/2,  as  it  was  in  hover,  and  is  now  given  by: 


_  Vc  +  Vi  _  Vc  +  Vi 
A  Vc  w  Vc  -f-  2u; 


(A. 50) 


which  has  a  value  between  1/2  and  close  to  1.0,  depending  on  the  climb  velocity. 

On  the  other  hand,  for  a  shrouded  rotor,  the  expansion  ratio  is  fixed  by  the 
geometry  of  the  diffuser,  and  is  forced  to  remain  the  same  (equal  to  Ae/A)  at  all 
climb  velocities  —  assuming  complete  expansion  at  the  diffuser  exit  plane.  For  a 
shrouded  rotor,  therefore: 


Conservation  of  mass:  tin  =  pA(Vc  +  v{)  =  pAe(Vc  +  w )  (A. 51) 
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(A. 52) 


>w  = 


Vc  +  Vi 

<?d 


Vr 


Conservation  of  momentum:  Ttotai  =  fnw 


(A. 53) 


Solving  these  equations,  and  using  the  result  Vh  =  A/odTtotai/pA,  yields  the  formula 
for  the  ideal  induced  velocity: 


Vi_ 

Vh 


Vc_ 

2vh 


(od  —  2)  + 


(A. 54) 


The  division  of  thrust  between  the  rotor  and  the  shroud  is  found,  once  again, 
by  using  the  actuator-disk  model  of  the  rotor: 


rrotor  =  Ap  ■  A  =  (p2  -  p2)  ■  A 


Applying  the  Bernoulli  equation  between  stations  0  and  1,  and  between  stations  2 
and  3: 


Po  +  \pVl  =  Pi  +  \p{Vc  +  A)2 
P2  +  \p(Vc  +  ^i)2  =  P3  +  \p(Vc  +  W )2 

Solving  these  yields,  for  the  pressure  jump  across  the  rotor: 

P2  Pi  ~  \pivc  +  wf  -  l-Pv? 

=  pw(w/ 2  +  Vc)  (A. 55) 

288 


Using  Eqs.  (A. 52)  and  (A. 53),  the  rotor  thrust  fraction  is  therefore  given  by: 


Z ptor  _  (p-2  -  Pi) A 

Total  raw 

Vc  +  w/2 
Vc  +  Vi 

Vi  +  Vc(<7d  +  1) 

2ad(vi  +  Vc) 


(A. 56) 


Thus,  even  though  the  total  thrust  is  constant  in  a  steady  (unaccelerated)  climb,  the 
rotor  thrust  is  not,  but  depends  on  the  climb  velocity.  The  change  in  rotor  thrust 
from  the  hover  condition  is  readily  obtained  as: 


(T 

(Z 


rotor ) c 


rotor  7  h 


(  Totor/ Total )  c 
(  Totor  /Total )  h 
Vi  +  Vc(°d  +  1) 
Vi  +  Vc 


(A.57) 


The  (ideal)  power  required  to  climb,  Pc,  is  given  by  the  product  of  the  rotor 
thrust  and  the  velocity  of  the  air  through  the  rotor: 


Pc  —  (T’otor)c  '  (u  +  Vc) 

=  (T-otor)h  •  [i’i  +  vc(ad  +  1)]  (By  Eq.  (A.57)) 


Denoting  Ph  =  (Totor)h  •  =  Total /v^tfd pA  (cf.  Eq.  (A. 15))  as  the  ideal  power 

required  in  hover,  the  climb  power  can  be  expressed  as: 


Pc  _  vi  +  Vc(crd  +  1) 
Ph  vh 


(A. 58) 
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For  an  open  rotor,  the  rotor  thrust  is  equal  to  the  total  thrust  and  is  constant.  The 
climb  power  is  therefore  given  simply  by: 

Pc  _  vi  +  Vc 
Ph  vh 


Equations  (A. 54),  (A. 54),  (A. 58)  and  (A. 59)  have  been  plotted  in  Fig.  A. 7  as 
functions  of  the  climb  velocity  ratio,  V^/ty,  for  an  open  rotor  and  for  different  values 
of  the  expansion  ratio  for  a  shrouded  rotor.  Although  it  might  seem,  from  these 
figures,  that  the  shrouded  rotors  have  a  severe  power  penalty  compared  to  the  open 
rotor,  these  representations  are  misleading,  because  the  open  and  shrouded  rotors 
have  different  values  of  ty  and  Ph-  These  figures  only  serve  to  illustrate  the  forms 
of  the  equations,  but  cannot  be  used  for  comparing  the  different  configurations. 
Figure  A. 8  therefore  shows  a  true  comparison  of  the  power  requirements  of  the 
configurations  when  they  are  producing  the  same  total  thrust  and  have  the  same 
disk  area,  using  Eq.  (A. 28).  The  ordinate  shows  the  ratio  of  the  shrouded-rotor 
and  open-rotor  power  requirements,  while  the  abscissa  shows  the  climb  velocity 
normalized  by  the  ideal  induced  velocity  of  the  open  rotor  in  hover.1  It  can  be 
clearly  seen  that  shrouding  the  rotor  provides  power  savings  up  to  a  climb  velocity 
nearly  equal  to  iyOR,  and  increasing  the  expansion  ratio  increases  the  velocity  up 
to  which  these  savings  are  obtained.  At  much  higher  climb  velocities,  however, 

shrouding  results  in  a  power  penalty,  and  lower  expansion  ratios  are  preferable,  as 

1I-e.,  the  figure  shows  (Pc/Ph)sR/(-Pc/-Ph)oR  x  (Ph)sR/(-Ph)oR  plotted  versus  (Fc/uh)sR  x 
(r,h)sR/(r,h)oR- 


290 


(a)  Ideal  induced  velocity.  (b)  Ideal  power. 


Figure  A. 7:  Predicted  variations  in  ideal  induced  velocity  and  power  in  climb,  for 

open  and  shrouded  rotors. 


Figure  A. 8:  Comparison  of  open  and  shrouded  rotor  power  requirements  in  climb. 

would  be  expected.  In  addition,  since  these  analyses  do  not  consider  the  additional 
thrust  that  would  be  required  to  overcome  the  drag  of  the  shroud,  the  true  penalties 
of  shrouding  would  be  even  greater. 

Finally,  as  in  the  previous  sections,  the  equations  derived  here  for  shrouded 
rotors  represent  a  general  case;  by  substituting  the  expression  in  Eq.  (A. 50)  for  the 
expansion  ratio,  the  equations  reduce  to  the  special  case  of  an  open  rotor,  and  by 
substituting  Vc  —  0,  they  reduce  to  the  special  case  of  the  hover  condition. 
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A.  2  Combined  Blade-Element-Momentum  Theory  (Hover) 


The  Momentum  Theory  model  of  a  rotor,  with  its  various  simplifying  as¬ 
sumptions  and  idealized  conditions,  is  useful  for  predicting  the  upper  performance 
limits  of  a  rotor  and  for  gaining  a  broad  understanding  of  the  relationships  between 
the  top-level  rotor  parameters:  thrust,  power,  the  size  of  the  rotor,  and  the  size 
of  the  wake.  For  more  realistic  analysis  and  design,  however,  theoretical  models 
with  greater  degrees  of  refinement  and  detail  are  necessary.  The  Combined  Blade- 
Element-Momentum-Theory  (BEMT)  model  is  one  such:  it  allows  for  modeling  of 
the  effects  of  the  discrete  number  of  rotor  blades,  of  the  aerodynamic  characteristics 
of  the  airfoil  sections  used  for  the  blades,  and  of  the  geometry  of  the  blades  them¬ 
selves,  i.e.,  of  radial  variations  in  chord  length  (blade  ‘taper’),  pitch  angle  (blade 
‘twist’)  and  airfoil  section.  The  model  is  thus  able  to  predict  the  effects  of  the 
profile  drag  of  the  blades  and  of  a  non-uniform  inflow  distribution.  One  remaining 
assumption  is  that  the  two-dimensional  (‘2-D’)  aerodynamic  characteristics  of  the 
individual  airfoil  sections  are  not  affected  by  those  of  the  neighboring  sections.  In 
effect,  BEMT  is  essentially  Lifting-Line  theory  applied  to  a  rotating  wing. 

In  the  BEMT  model,  the  azimuthally  discrete  nature  of  the  rotor  is  accounted 
for  by  a  parameter  called  the  solidity  ratio  (a),  equal  to  the  total  planform  area  of 
all  the  blades  divided  by  the  area  of  the  rotor  disk: 


NbcR  Nbc 
irR2  =  TR 


(A. 60) 
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and  by  a  parameter  called  the  Prandtl  Tip-Loss  Factor  (F).  The  spanwise  variation 
in  the  geometry  of  the  blades  is  modeled  by  dividing  the  rotor  disk  into  concentric 
annuli,  and  equating  the  change  in  axial  momentum  flux  of  the  air  passing  through 
each  annulus  with  the  sum  of  the  differential  thrust  forces  acting  on  all  the  blade 
elements  within  that  annulus.  Since  the  total  change  in  momentum  flux  of  the  air 
passing  through  the  shrouded  rotor,  equal  to  mw,  is  due  to  both  the  rotor  thrust 
as  well  as  the  shroud  thrust,  the  change  in  momentum  flux  clue  only  to  the  rotor 
thrust  is  obtained  from  Eq.  (A.  17): 

Trotor  =  V— Ttotal  =  ^—(fnw)  =  TU  (  )  (A.61) 

where  w  =  v\/a(]  is  the  Av  —  the  additional  flow  velocity  in  the  far  wake  compared 
to  the  freestream  —  due  to  the  total  thrust  of  the  rotor-shroud  system,  while  V\/2a‘f 
is  the  Av  due  to  the  rotor  thrust  only.  The  thrust  on  a  single  annular  section  of  the 
(shrouded)  rotor  is  therefore  given  by: 

dTannulus(r)  =  d m(r)  ■  A v(r)  ■  F(r) 

=  ( p  •  d A(r)  ■  Vi (r))  ■  (^Pj  ■  F(r)  (A.62) 

or,  in  non-dimensionalized  coefficient  form: 

dC,Tannulus (r)  =  r  •  dr  •  ■  F(r)  (A.63) 

°d 

where  A  =  v-x/R  is  the  (induced)  inflow  ratio.  The  Prandtl  tip-loss  correction  factor 
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for  an  open  rotor,  F(r),  should  be  replaced  with  the  equivalent  Goodman  correction 
factor  [141]  or  the  Prandtl-Shaidakov  factor  used  in  the  analytical  model  presented 
by  Bourtsev  and  Selemenev  [92],  both  of  which  were  discussed  in  Section  1.4.4. 1  of 
this  dissertation. 

In  Ref.  [175,  p.  323,  Eq.  6.49],  a  different  formulation  for  the  differential  rotor 
thrust  coefficient  is  given: 


2  A2  (VI 

d Ct  ,  (r)  =  r  ■  dr  • -  (A. 64) 

annulus  \  /  _  \  / 

0d 

This  latter  expression  would  seem  to  have  been  obtained  by  multiplying  the  ro¬ 
tor  thrust  fraction,  Trotor/Ttotal,  by  the  expression  for  the  differential  (total)  thrust 
coefficient  of  an  open  rotor: 

dCrannulus, or  =  -  }2  x  [(p  ■  2nydv  ■  l,i (y))  ■  i2vi(y))] 

p  A  6tiP 

=  4A2(r)-r-dr  (A. 65) 

where  2v\  is  the  Av  corresponding  to  the  (total)  thrust  on  an  open  rotor.  The 
formulation  in  Eq.  (A. 64)  therefore  cannot  be  correct,  and  that  of  Eq.  (A. 63)  must 
be  used. 

From  the  blade-element  model,  the  differential  rotor  thrust  coefficient  is  ob¬ 
tained  from  the  vector  summation  of  the  lift  and  drag  acting  on  an  airfoil  section: 

dTannuhls(r)  =  Nh  x  (ch L(r)  ■  cos (0(r))  -  d D(r)  ■  sin(0(r)))  (A.66) 
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^  dcTannulus  O') 


T*  *  ^  j  j'*  2  . 


^ci(r)  -  cd(r) 


■  dr 


(A. 67) 


Equating  the  expressions  in  Eqs.  (A. 63)  and  (A. 67)  yields  a  4th-order  equation  in 
A,  which  is  easily  solved  with  a  computer.  If  the  inflow  is  assumed  to  be  small, 
compared  to  the  rotational  (tangential)  velocity  of  the  blade  element  (v;  -C  fly,  i.e., 
A2  -C  r2),  then  a  quadratic  in  A  is  obtained,  with  the  solution  given  by: 


A 


<y  oi  Cd 

AF 


-1  + 


1  + 


8  F  r  ci 
cr  cr?  c2, 


(A. 68) 


where  all  terms  except  the  expansion  ratio  (od)  are  functions  of  the  radial  coordinate, 
r.  These  equations  must  be  iteratively  solved,  as  they  involve  q  and  cd,  which  are 
-  in  general  —  non-linear  functions  of  angle  of  attack,  which  in  turn  is  dependent 
on  the  inflow  ratio.  If  the  further  assumptions  are  made  that  q  is  a  linear  function 
of  a  (i.e.,  in  the  pre-stall  range)  and  that  cd  is  a  constant: 


ci  =  a  ■  (a  —  a0)  =  a  ■  (6  —  (f>  —  a0)  (A. 69) 

cd  =  cdo  (A.  70) 


then  a  closed-form,  analytic  expression  for  A  is  obtained: 


A  = 


a  °d  ( cd0  +  a ) 


AF 


■1  +  \  1  + 


8  F  r  a{9  —  a0) 

0-<7d  (C<io  +  a)2 


(A.71) 


295 


which  reduces  to  the  familiar  expression  for  the  inflow  ratio  of  an  open  rotor: 


A 


cr  a 
16 F 


-1  + 


32 Fr  ( 6  —  a0) 
a  a 


(A. 72) 


when  Od  =  1/2  and  Cd  is  ignored  (c<j  <Ccj). 
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Appendix  B 


Measures  of  Rotor  Efficiency 
B.l  Introduction 

The  designer  of  a  rotor  is  ultimately  interested  in  minimizing  the  amount  of 
power  required  to  generate  a  specified  amount  of  thrust,  or,  equivalently,  maximizing 
the  amount  of  thrust  that  can  be  generated  with  a  given  amount  of  power.  Efficiency 
parameters  are  therefore  key  to  determining  the  optimal  operating  state  of  a  rotor 
and  to  comparing  the  performances  of  different  rotor  designs.  A  fair  amount  of 
confusion  exists,  however,  regarding  the  best  way  to  describe  the  efficiency  of  a 
hovering  rotor.  Although  the  direct  ratio  of  thrust  to  power  —  also  known  as 
the  Power  Loading1  (PL)  —  gives  an  immediately  appreciable  idea  of  the  power 
penalty  of  a  system,  it  is  dimensional  in  nature,  having  dimensions  of  1/velocity, 
and  therefore  non-dimensional  quantities  are  sought  which  would  be  independent 
of  the  scale  of  the  system.  For  a  fluid-dynamic  propulsive  device  operating  at  a 
freestream  velocity,  v0,  and  producing  a  thrust,  T,  efficiency  (77)  is  traditionally 
expressed  as  the  ratio  of  the  ‘useful’  propulsive  power,  T  ■  v 0  =  m(vf  —  vq)  ■  vq, 
to  the  total  input  power,  this  being  equal  to  the  change  in  kinetic  energy  of  the 
fluid,  \m{v2  —  Vq),  where  vj  is  the  final  velocity  of  the  fluid  in  the  wake  of  the 

propulsor.  This  ratio  simplifies  to  the  expression  2vq/{vq  +  Vf),  which  implies  an 

1In  some  of  the  literature,  this  term  has  also  been  used  to  instead  refer  to  the  ratio  of  the  input 
power  to  propeller  disk  area. 
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efficiency  of  zero  in  hover  (no  =  0).  Since  this  result  is  obviously  not  physical,  a 
different  formulation  is  required  for  the  special  case  of  zero  translational  velocity. 
In  the  field  of  helicopter  aerodynamics,  the  traditional  wisdom  has  been  to  consider 
the  maximum  figure  of  merit  as  the  benchmark  of  a  rotor’s  efficiency;  however, 
arguments  have  also  been  made  for  considering  the  point  of  maximum  Ct/Cp  - 
the  ratio  of  the  thrust  and  power  coefficients  —  as  that  for  optimum  performance 
[14,  p.  53], [24],  In  this  appendix,  it  will  be  shown  that  both  of  these  measures 
deserve  consideration,  but  that,  depending  on  the  constraints  faced  in  the  design 
of  a  rotor,  one  or  the  other  will  assume  greater  importance.  In  the  special  case 
of  rotary- wing  micro  air  vehicles  (MAVs),  which  are  usually  operated  with  varying 
rotor  tip  speeds,  it  will  be  shown  that  the  figure  of  merit  is  preferrable  to  the 
Ct/Cp  ratio  as  criterion  for  determining  the  optimum  operating  state  of  an  open 
rotor  and  for  comparing  the  performances  of  different  rotors.  However,  in  the  case 
of  the  shrouded-rotor  configuration,  the  use  of  the  figure  of  merit  for  comparing  the 
performances  of  configurations  with  different  diffuser  expansion  ratios  can  result  in 
misleading  conclusions.  For  this  configuration,  a  generalized  form  of  the  figure  of 
merit  is  proposed,  which  is  equally  applicable  to  the  specific  case  of  an  open  rotor 
as  well. 

B.2  Figure  of  Merit 

The  Figure  of  Merit  (FM),  also  known  as  the  static  thrust  efficiency,  is  the 
ratio  of  the  ideal  —  i.e.,  minimum  possible  —  amount  of  power  required  to  produce 
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a  given  thrust,  to  the  actual  amount  required  by  the  propulsor: 


FM 


ideal  power  Pi 
actual  power  P 

ideal  power 

induced  power  +  profile  power 


Pi 

hiPi  +  PQ 


(B.l) 


where  Pl}  the  ideal  power,  is  a  function  of  the  thust  and  the  disk  loading  (DL  —  T /A) 
of  the  rotor: 


Pi  =  T  x 


rp  3/2 

y/2 JA 


(B-2) 


By  normalizing  the  power  quantities  by  the  rotor  disk  area  and  tip  speed,  the  figure 
of  merit  can  be  expressed  in  terms  of  non-dimensional  coefficients: 


FM 


CPi  cPi 

Cp  kC +  Cpo 

C3t/2/V2 

Cp 


(B.3) 

(B.4) 


where,  for  a  given  rotor,  all  terms  are  now  solely  functions  of  the  collective  angle 
(see  Fig.  B.3a  on  page  308,  for  example).  Similar  to  the  propulsive  efficiency,  this 
formulation  informs  that  (100xFM)%  of  the  total  input  power  is  converted  into 
useful  thrust.  The  figure  of  merit  therefore  quantifies  the  additional  power  required 
-  (pF.  —  i)  times  the  ideal  power  —  to  overcome  losses  due  to  the  non- ideal  char¬ 
acteristics  of  the  flow:  blade  profile  drag  losses  due  to  the  viscosity  of  the  fluid, 
represented  by  the  profile  power  term  (PD,  Cpa),  and  losses  due  to  non-uniform  in¬ 
flow  distributions  and  to  rotational  momentum  imparted  to  the  wake,  represented 
by  the  induced  power  correction  factor,  k. 
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The  relation  between  the  figure  of  merit  and  the  power  loading  is  given  by: 


PL  = 


T 

P 


T 

—  x  FM 

*  i 


—  x  FM 
DL 


(B.5) 


where  T/P\  =  \/2p/DL  is  the  ideal,  or  maximum  possible,  power  loading  for  a 
given  disk  loading.  The  variation  in  power  loading  with  disk  loading,  as  given  by 
this  equation,  is  plotted  in  Fig.  B.l  for  different  values  of  FM.  Thus,  for  a  high  value 
of  power  loading,  Eq.  (B.5)  indicates  that  the  figure  of  merit  should  be  high  and 
the  disk  loading  should  be  low.  The  equation  also  shows  that  if  two  different  rotors 
have  the  same  thrust  and  area  —  in  other  words,  the  same  disk  loading  —  then 
their  (total)  power  requirements  are  inversely  proportional  to  their  figures  of  merit. 
Just  as  the  propulsive  efficiency,  r\.  is  used  to  compare  the  performances  of  different 
propellers  at  the  same  advance  ratio  (J  =  v0 0/nD),  the  figures  of  merit  of  different 
hovering  rotors  are  only  meaningfully  compared  when  the  rotors  are  at  the  same 
disk  loading  [14,  p.  47].  The  reason  for  this  can  be  seen  from  the  following  example 
arguments: 


1.  If  two  rotors  are  producing  the  same  thrust  but  have  different  disk  areas,  then 
the  rotor  with  the  smaller  area  (higher  disk  loading)  will  have  a  greater  ideal- 
power  requirement.  If,  additionally,  the  two  rotors  happen  to  have  the  same 
non-ideal  loss  characteristics  (k,  Pa),  then,  by  Equation  B.l,  the  higher-disk- 
loading  rotor  will  have  a  higher  figure  of  merit,  thereby  giving  the  misleading 
conclusion  that  it  is  the  more  efficient  rotor,  even  though  it  actually  consumes 
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Figure  B.l:  Variation  of  power  loading  with  disk  loading  for  different  values  of 
figure  of  merit  (sea-level  standard  atmosphere). 

a  greater  total  amount  of  power  for  the  same  thrust. 

2.  If  a  given  rotor  (fixed  disk  area)  is  operated  at  a  higher  tip  speed  but  at  the 
same  collective  angle,  and  hence  at  the  same  thrust  and  power  coefficients, 
the  thrust  (proportional  to  Uyp)  and  disk  loading  will  be  higher,  but  the  power 
loading  will  be  lower,  since  the  power  is  proportional  to  u[3ip,  even  though  the 
figure  of  merit  is  the  same. 

At  the  most  fundamental  level,  though,  this  constraint  on  the  usefulness  of  the  figure 
of  merit  as  a  comparative  measure  can  be  understood  by  recognizing,  from  Eq.  (B.5) 
and  Fig.  B.l,  that  the  power  loading  is  a  function  of  FM  only  when  the  disk  loading 
is  constant. 

According  to  this  constraint,  therefore,  the  efficiency  of  rotors  should  be  ex¬ 
pressed  by  plotting  the  variation  in  their  figures  of  merit  as  a  function  of  disk 
loading.  However,  for  a  single  rotor,  this  would  result  in  a  family  of  curves  with 
different  curves  for  different  tip  speeds,  and  with  rotor  collective  as  a  parameter  that 
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changes  along  any  given  curve.2  The  curves  would  be  identical,  except  that  they 
would  be  expanded  further  ‘sideways’  along  the  x-axis  for  increasing  values  of  utip . 
By  normalizing  the  abscissa  values  —  the  disk  loading  —  by  the  square  of  the  tip 
speed  (and  by  the  air  density),  the  variation  in  FM  can  be  plotted  versus  the  thrust 
coefficient,  CV,  and  expressed  as  a  single  characteristic  curve  for  a  given  rotor.  The 
restriction  on  comparing  figures  of  merit  at  the  same  disk  loading  implies  that  it  is 
permissible  to  compare  them  at  different  thrust  coefficients,  or  at  different  values 
of  ideal  power,  since  it  possible  for  rotors  to  have  different  values  of  Ct  or  P\  while 
having  the  same  disk  loading.  A  question  that  naturally  arises,  then,  is:  if  two 
rotors  have  the  same  (maximum)  value  of  FM,  but  at  different  values  of  Ct,  then 
is  one  better  than  the  other?  The  answer  is  “no  —  not  necessarily.”  For  the  same 
desired  thrust,  and  with  the  same  restriction  on  disk  area  (therefore,  the  same  disk 
loading),  the  two  rotors  will  have  the  same  power  requirement  (Eq.  (B.5) ) ;  the  only 
difference  will  be  that  the  rotor  with  the  higher  Ct  will  allow  for  a  lower  tip  speed, 
which,  depending  on  other  design  considerations,  may  or  may  not  be  desirable. 

B.3  CT/Cp 

Although  the  figure  of  merit  is  undoubtedly  a  useful  concept,  it  is  arguably  a 
level  of  abstraction  away  from  the  more  direct  and  intuitively  appealing  thrust:power 

ratio.  A  parameter  that  retains  this  appeal,  while  also  having  the  desired  attribute 

2The  data  could  also  be  plotted  as  a  family  of  curves  with  different  curves  for  different  collectives, 
and  with  tip  speed  as  the  parameter  that  changes  along  a  curve.  However,  since  FM  is  constant  for 
a  given  collective,  this  method  would  result  in  a  collection  of  straight  lines  parallel  to  the  x-axis, 
and  would  be  of  little  use. 


302 


of  being  non-dimensional,  is  the  ratio  of  the  thrust  and  power  coefficients:  Cp/Cp. 
The  relation  of  this  quantity  to  the  power  loading  is  given  by: 


T  _  Cp 
P  V tip  Cp 


(B.6) 


and,  by  using  Equation  B.4,  to  the  figure  of  merit  by: 


CT  _  FM 
Cp  \J Cp/2 


(B.7) 


Therefore,  by  this  formulation,  a  high  power  loading  is  obtained  by  having  a  low  tip 
speed  and  a  high  value  of  Cp/Cp.  Following  the  method3  shown  by  Leishman  [14, 
p.  53],  differentiating  the  ratio: 


P  _  CP 
T  ~  VtipO t 


V tip 


(B.8) 


with  respect  to  Cp,  while  holding  the  tip  speed  constant,  reveals  the  maximum  value 
of  Cp/Cp  (minimum  Cp/Cp)  to  lie  at  a  thrust  coefficient  equal  to  2 (Cpo/ n)2P . 
Experimental  data  illustrating  these  results  can  be  seen  in  Fig.  B.2,  which  shows 
plots  of  power  loading  versus  disk  loading  taken  from  Refs.  [16]  and  [20].  The 
figures  show  families  of  curves,  with  each  curve  for  a  different  tip  speed.  Within 
each  curve,  the  maximum  power  loading  occurs  at  the  rotor  collective  angle  for 

maximum  Cp/Cp.  Plotting  the  same  data  in  non-dimensional  form,  as  Cp/Cp 

3This  analysis  is  predicated  on  the  assumption  —  which  is  reasonable  when  the  blades  are  op¬ 
erating  at  small  angles  of  attack  —  that  Cpo  remains  approximately  constant  with  rotor  collective. 
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DL  (N/m2) 


(a)  Data  from  Bohorquez  and  Pines  [16] 


(b)  Data  from  Hein  and  Chopra  [20] 


Figure  B.2:  Experimental  data  showing  variation  of  power  loading  with  disk 
loading  for  MAV-scale  rotors.  (1  N/W  =  168  lb/hp,  1  lb / ft2  =  47.9  N/m2) 


versus  Ct,  would  cause  all  the  curves  in  each  figure  to  collapse  to  a  single  line  that 
would  completely  characterize  that  rotor  for  any  tip  speed. 


B.4  Comparison  of  FM  and  Cp/Cp 

In  the  section  describing  the  figure  of  merit,  it  was  stated  that  the  requirements 
for  high  power  loading  were  a  high  figure  of  merit  and  a  low  disk  loading.  In  the  next 
section,  describing  the  Ct/Cp  ratio,  it  was  found  that  a  low  tip  speed  is  necessary 
for  obtaining  a  high  power  loading.  These  requirements  can  be  combined  by  solving 
Eqs.  (B.6)  and  (B.7)  to  obtain: 


T  _  1  FM 

P  V tip  \J  Cp /2 


(B.9) 


However,  these  requirements  are  contradictory:  disk  loading  is  reduced  by  lowering 
the  thrust  [coefficient],  while  the  highest  figures  of  merit  are  obtained  at  the  higher 
values  of  Ct-  In  addition,  for  any  given  thrust,  the  tip  speed  is  minimized  by 
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increasing  Cp.  The  optimal  operating  state  of  a  rotor  must  therefore  lie  at  some 
intermediate  value  of  thrust  coefficient  —  or  collective  angle,  since  the  various  non- 
dimensional  coefficients  and  ratios  are  functions  of  rotor  collective  only  —  which 
maximizes  the  product  of  these  terms.  At  the  collective  for  maximum  Ct/Cp , 
inserting  the  corresponding  value  of  Cp  into  Eqs.  (B.4)  and  (B.3)  shows  that  the 
figure  of  merit  has  a  value  of  2/3 k.  In  comparison,  depending  on  the  value  of  Cpa , 
the  maximum  FM  achievable  by  a  rotor  is  closer  to  1/k,  and  occurs  at  a  higher 
collective  angle.  (This  can  also  be  intuitively  seen  from  the  fact  that  the  figure  of 
merit  is  proportional  to  Cp3/2 /Cp.)  The  question  therefore  arises  as  to  which  is 
the  optimal  operating  state  (collective)  of  a  rotor:  that  for  maximum  Cp/Cp,  or 
that  for  maximum  FM;  and  indeed,  which  of  these  two  parameters  is  the  better,  or 
‘correct’  measure  of  efficiency  for  comparing  different  rotors.  It  can  be  immediately 
recognized  from  Eq.  (B.6)  that,  for  a  given  rotor,  if  the  collective  is  changed  from 
that  for  maximum  Cp/Cp,  then,  although  Cp/Cp  has  decreased,  the  same  power 
loading  can  be  achieved  by  reducing  the  tip  speed.  As  a  further  example,  it  can 
be  seen  from  the  curves  shown  in  Fig.  B.2  that,  at  a  fixed  thrust  (disk  loading), 
the  required  power  can  be  reduced  (PL  increased)  by  reducing  the  tip  speed  and 
simultaneously  increasing  the  rotor  collective  to  compensate. 

It  is  now  clear  that,  with  tip  speed  being  allowed  to  vary,  the  collective  for 
maximum  T/P  at  a  given  thrust  is  higher  than  that  for  maximum  Cp/Cp.  With 
vtip  now  being  expressed  as  \/T / pACp,  the  right-hand-side  of  Eq.  (B.8)  becomes 
^Tj2pA-(n+CPJCp,),  or  \JT /2pA-  (1/FM),  which  is  the  same  as  Eq.  (B.5).  For  a 
given  thrust  and  constrained  rotor  disk  area,  therefore,  maximizing  the  power  load- 
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ing  (minimizing  P/T)  is  equivalent  to  maximizing  the  figure  of  merit.  Under  these 
circumstances,  a  rotor  should  be  operated  at  the  thrust  coefficient  corresponding  to 
maximum  FM,  and  the  tip  speed  adjusted  to  produce  the  desired  thrust.  Conversely, 
if  constraints  exist  on  the  choice  of  tip  speed  —  for  example,  due  to  considerations  of 
noise,  autorotational  capability,  rotor  dynamic  stability,  advancing-blade  compress¬ 
ibility  or  retreating-blade  stall  —  then,  in  this  case,  the  rotor  should  be  operated  at 
the  thrust  coefficient  corresponding  to  maximum  Ct/Cp,  and  the  disk  area  adjusted 
to  produce  the  desired  thrust. 

The  same  conditions  apply  whether  for  comparing  different  operating  states 
(collectives)  of  the  same  rotor,  or  for  comparing  the  performances  of  different  rotors. 
If  the  tip  speed  is  constrained,  the  maximum  values  of  Ct/Cp  should  be  compared 
in  order  to  determine  the  better  rotor  for  the  application,  while  if  disk  area  is  con¬ 
strained,  the  maximum  values  of  FM  should  be  compared.4  In  rotary-wing  MAVs, 
for  reasons  of  mechanical  simplicity,  rotor  thrust  is  typically  varied  by  adjusting 
rotational  speed  rather  than  by  changing  collective;  also,  by  definition,  a  restriction 
exists  on  the  maximum  size  of  these  vehicles.  Therefore,  for  this  class  of  vehicles,  it 
would  be  the  figure  of  merit  that  is  more  important  as  an  efficiency  parameter. 

In  most  situations,  however,  constraints  exist  on  both  tip  speed  as  well  as  on 

4In  the  latter  case,  the  requirement  for  equal  disk  loading  is  automatically  fulfilled,  since  both 
thrust  and  area  are  the  same  for  both  rotors.  An  analogous  requirement  for  comparing  Cp/Cp 
would  be  equality  of  tip  speed.  If  two  rotors  have  the  same  disk  loading  and  power  loading,  and 
hence  the  same  figure  of  merit,  but  are  operated  at  different  thrust  coefficients  to  produce  the 
desired  thrust  (i.e.,  different  tip  speeds),  then  Eq.  (B.7)  shows  that  they  would  have  different 
values  of  Cp/Cp-,  using  Cp/Cp  as  the  measure  of  efficiency  in  this  case  would  give  misleading 
results.  Similarly,  if  two  rotors  have  the  same  value  of  Cp/Cp,  but  at  different  thrust  coefficients, 
then  the  rotor  with  the  higher  Cp  will  produce  the  same  thrust  at  a  lower  tip  speed,  and  have  a 
higher  power  loading  and  lower  power  requirement  (Eq.  (B.6)). 
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the  rotor  disk  area.  In  these  cases,  the  optimal  operating  point  of  a  rotor  may  lie 
at  a  collective  that  is  neither  that  for  maximum  Ct/Cp  nor  that  for  maximum  FM, 
but,  instead,  somewhere  in  between.  If  the  constraint  on  tip  speed  is  more  severe 
than  that  on  disk  area,  then  the  the  optimal  operating  point  will  be  closer  to  that  for 
maximum  Cp / Cp :  if  vice  versa,  then  that  for  maximum  FM.  In  general,  however,  in 
such  cases,  the  best  method  for  choosing  the  operating  point  would  be  to  simply  plot 
the  required  power  for  a  desired  thrust  on  a  5-axis  plot  as  a  function  of  both  tip  speed 
and  disk  area,  and  directly  examine  the  region  within  the  constraint  boundaries  for 
the  minimum  power  requirement.  As  an  example,  this  procedure  has  been  carried 
out  using  the  experimental  data  for  the  MAV-scale  open  rotor  tested  in  this  study, 
and  is  illustrated  in  Fig.  B.3.  Figure  B.3a  shows  the  experimental  values  of  Cp, 
Cp,  Cp/Cp  and  FM  as  functions  of  rotor  collective  angle,  showing  that  maximum 
Cp/Cp  is  achieved  at  9 0  =  10°,  while  maximum  FM  is  achieved  at  d0  =  20°.  By 
interpolating  in  between  these  measured  values,  the  3-axis  carpet  plots  shown  in 
Figs.  B.3b-d  were  obtained  —  these  show,  respectively,  the  rotor  collective,  thrust 
coefficient  and  input  power  that  are  required  in  order  to  produce  a  desired  thrust 
of  40  g,  depending  on  the  choice  of  rotor  diameter  and  tip  speed.  Superimposed  on 
these  plots  are  contour  lines  of  constant  collective  which  indicate  the  locations  of 
operation  at  maximum  Cp/Cp  and  maximum  FM.  Figure  B.3e  reproduces  the  plot 
of  required  power  from  Fig.  B.3d,  but  in  the  form  of  2-dimensional  contour  plot. 
It  clearly  illustrates  how,  at  a  fixed  tip  speed,  operating  at  the  point  of  maximum 
Cp/Cp  results  in  the  lowest  power  requirement,  while  at  fixed  rotor  diameter,  it  is 
the  point  of  maximum  FM  that  results  in  the  lowest  power  requirement. 
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Required  P  [W]  Required  0O  [deg] 


(a)  Rotor  source  data 


160 


(d)  Required  power 


6  6  7  8 

D  [in] 

(e)  Required  power 


Figure  B.3:  Values  of  collective  angle,  thrust  coefficient,  and  power  required  to 
produce  a  desired  thrust  of  40  g,  as  functions  of  rotor  diameter  and  tip  speed 
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Required  P  [W] 


B.5  Shrouded  rotors 


The  preceding  discussions  have  dealt  with  the  special  case  of  an  ‘open’  or  ‘free’ 
rotor,  for  which,  in  hover,  the  wake  is  allowed  to  naturally  contract  to  a  final  cross- 
sectional  area  equal  to  one-half  that  of  the  rotor  disk.  In  the  case  of  a  shrouded 
rotor,  for  which  the  development  of  the  wake  is  dictated  by  the  geometry  of  the 
shroud,  the  ideal  power  requirement  is  now  additionally  a  function  of  the  expansion 
ratio  of  the  shroud’s  diffuser,  ad.  In  this,  more  general  case5,  the  ideal  power  is  given 
by: 


Pi  = 
CPl  = 


m  T 

-Mrotor  X  V[  —  —  X 
2<Jd 


fadT  T3/2 


Cj 


pA  y/AadpA 

rp  py3/2 

x  A*  =  —  x  V °dCT  = 

2ad 


(B.10) 

(B.ll) 


where  T  is  the  total  thrust  of  the  system,  equal  to  Trot0r  +  Eshr0ud-  Equation  (B.6), 
relating  the  power  loading  and  the  Cx/Cp  ratio,  still  holds  for  the  case  of  a  shrouded 
rotor,  so  this  measure  of  efficiency  retains  its  importance  for  cases  where  contraints 
exist  on  the  choice  of  rotor  tip  speed,  just  as  for  an  open  rotor.  However,  when  it  is 
the  disk  area  that  is  constrained,  use  of  the  traditional  formulation  of  the  figure  of 
merit  (Eq.  (B.l))  can  lead  to  incorrect  conclusions.  From  Eq.  (B.10)  it  can  be  seen 
that,  at  fixed  total  thrust  and  rotor  disk  area,  if  the  expansion  ratio  is  increased, 
then  the  ideal  power  requirement  decreases.  Since  the  rotor  is  being  off-loaded  - 

i.e.,  the  rotor  itself  is  producing  less  thrust  —  the  blade  section  airfoils  would  be 

5These  equations  derived  here  also  hold  for  the  special  case  of  an  open  rotor,  with  the  effective 
value  of  1/2  for  the  expansion  ratio. 
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operating  at  lower  angles  of  attack,  and  therefore  it  can  be  expected  that  the  profile 


power  losses  would  decrease  as  well.  If  the  proportional  decrease  in  the  profile  power 
is  the  same  as  that  for  the  ideal  power,  then  the  figure  of  merit  is  unchanged.  On 
the  other  hand,  if  the  assumption  is  made,  as  it  is  often  done  in  first-order  analyses, 
that  the  profile  power  is  independent  of  the  blade  angle,  and  therefore  remains  the 
same,  then  the  decrease  in  ideal  power  would  cause  FM  to  decrease  as  well.  In 
either  case,  however,  it  is  obvious  that  the  total  power  requirement  has  decreased, 
and  the  power  loading  increased.  Therefore,  while  the  figure  of  merit  remains  an 
appropriate  measure  of  efficiency  for  comparing  different  operating  states  of  the 
same  rotor-shroud  combination,  or  of  different  rotors  within  the  same  shroud,  it 
cannot  be  the  correct  means  for  comparing  configurations  with  different  expansion 
ratios.  Direct  comparison  of  the  rotor  polars,  that  is,  plots  of  CP  versus  CV,  would 
accurately  enable  such  a  comparison;  however,  this  representation  has  the  limitation 
of  not  being  able  to  indicate  the  location  on  the  characteristic  curve  for  optimal 
operation  of  the  rotor  (i.e.,  the  point  of  maximum  FM).  Thus,  some  other  measure 
of  efficiency  is  required,  which  incorporates  all  the  benefits  of  each  of  these  methods, 
for  the  case  of  constrained  disk  area. 

Equation  (B.10)  can  be  re-arranged  to  show  that  the  relation  Pj  =  Tx  -^/DL/2p 
also  holds  for  a  shrouded  rotor  (cf.  Eq.  (B.2)),  where  DL,  the  disk  loading,  is  equal 
to  Trotor/A  =  T/2a&A.  With  FM  still  defined  as  Pi/P,  the  relationship  between  FM 
and  power  loading  remains  that  given  by  Eq.  (B.5),  repeated  below  for  convenience: 


T 

P 


x  FM 


(B.12) 
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However,  for  a  given  total  thrust  and  constrained  disk  area,  the  disk  loadings  of 
different  rotors  are  now  not  the  same  if  they  have  different  [effective]  values  of  crd. 
Consequently,  the  power  requirements  would  not  be  inversely  proportional  to  the 
figures  of  merit.  On  the  other  hand,  expanding  Eq.  (B.12)  results  in  the  formulation: 


T 

P 


4o-d  pA 


T 


x  FM 


4  pA 
~T~ 


x  FM^ 


(B.13) 

(B.14) 


which  shows  that,  at  fixed  total  thrust  and  disk  area,  power  is  inversely  proportional 
to  the  product  FM  •  yOJ,  which  can  therefore  be  referred  to  as  a  ‘generalized’  figure 
of  merit.  At  fixed  power  and  disk  area,  manipulation  of  the  same  equation  shows 
that  the  thrust  that  would  be  produced  is  directly  proportional  to  (FMv/b[j)2/3. 
A  graph  of  FM  •  versus  Cp  would  therefore  perform  the  same  role  as  that  of 
the  traditional  FM-vs.-Cp  graph  for  an  open  rotor,  while  also  allowing  for  valid 
comparisons  of  the  performances  of  configurations  with  different  expansion  ratios.6 
Using  Eq.  (B.6),  the  relation  between  the  generalized  FM  and  Ct/Cp  is: 

=  Af  x  FMv^  (B.15) 

u-p  yUT 

while  its  relation  to  the  power  loading  is  as  given  above  in  Eq.  (B.14). 


6Note  that  the  product  FMy/oa  is  equal  to  C^2 /2Cp,  so  plotting  a  graph  of  this  ‘generalized’ 
figure  of  merit  is  nothing  more  than  plotting  the  variation  in  C^/2 /Cp,  which  is  applicable  to  any 
rotor  configuration.  Strikingly,  this  parameter  has  the  same  form  as  the  ratios  c^2 /cd  and  C^2 /Cp> 
which  are  used  to  determine  the  angle  of  attack  for  minimum  power  consumption  (maximum 
endurance)  of  airfoils  and  fixed-wing  aircraft,  respectively. 
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